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ABSTRACT 
Assessing Rod, Cone and Melanopsin Contributions to the Human Pupil Response 
in Healthy Controls and in Patients with Disease of the Photoreceptors. 
Chang Bum Park 
 
UPurpose:U To better understand the relative contributions of rod, cone, and melanopsin to the 
human pupillary light reflex (PLR) and to determine the optimal conditions for assessing the 
health of the rod, cone, and melanopsin pathways with a relatively brief clinical protocol using 
the PLR. 
UMethods:U The PLR was measured with an eye tracker and stimuli controlled with a Ganzfeld 
system. Exp.1: 2.5-log cd/mP2P red (640±10nm) & blue (467±17nm) stimuli of various durations 
were presented after dark-adaptation. Exp. 2 & 3: 1-sec red & blue stimuli were presented at 
different intensity levels in the dark (Exp.2) or on a 0.78-log cd/mP2P blue background (Exp.3). 
Based on the results of Exp. 1-3, a clinical protocol was designed and tested on healthy controls 
(Exp. 4) and patients (Exp. 5) with retinitis pigmentosa (RP), Leber congenital amaurosis (LCA), 
and achmatopsia (ACHM).  
UResults:U  The optimal duration for producing the melanopsin-driven sustained pupil response 
following termination of an intense blue stimulus was 1 sec. PLR rod- and melanopsin-driven 
components are best studied with low and high intensity flashes, respectively, presented in the 
dark (Exp. 2). A blue background suppressed rod and melanopsin responses, making it easy to 
assess the cone contribution with a red flash (Exp. 3). The proposed clinical protocol 
successfully provided reliable data from 8 normal subjects (Exp. 4). With the clinical protocol, 
robust melanopsin responses could be seen in the all patients with little or no contribution from 
the rods and cones (Exp. 5).  
UConclusions:U It is possible to identify the rod, cone, and melanopsin contributions to the PLR 





Table of Contents 
 
Table of Contents …………………………………………….…………………………………… i 
Tables ………………………………………………………….……………………………..….. iii 
Figures ………………………………………………………….…..………………………..….. iii 
 
 
1. Introduction ………..…………………………………………………………………………………………………..………. 1 
 
 1. 1 Before Melanopsin …………..………………………………….………………………………………….….. 1 
 1. 2 Discovery of the New Photopigment ………………………………………………………….….… 4 
 1. 3 Morphology of ipRGCs ……………………………………………………………….……………….…….. 5 
 1. 4 Diversity of ipRGCs ……,……………………………………………………….……………………..…….. 6 
 1. 5 Projection of ipRGCs …………………………………………………………….…………………….…….. 9 
 1. 6 Functional Feature of ipRGCs and Their Photopigment ……………………………….…… 11 
 1. 7 Electrophysiology of ipRGCs and Melanopsin Contribution ………………………….. 13 
 1. 8 Pupillary Light Reflex as a Measurement of the ipRGC responses ………………… 16 
 1. 9 Purpose of the Current Study ……..…………………………………………………….….…………….. 19 
 
2. Methods ………..………………………………………………………………………………………………………….………. 22 
 
 2. 1 Light Stimuli ……………………..…………………………………………………………………………….….. 22 
 2. 2 Pupil Recording ………………………………………….………………………………………………….….… 23 
 2. 3 Dark- and Light- Adaptation ……..…………………………………………….……………….…….. 24 
 2. 4 Data Analysis ………….…………………………………………………………….……………………..…….. 24 
 2. 5 Subjects ………………………………….……………………………………………….…………………….…….. 25 
 2. 6 Patients ………………………………….……………………………………………….…………………….…….. 11 
 
3. Experiment 1: Stimulus Duration Effect in Melanopsin-Driven PLRs ………………….. 27 
 
 3. 1 Purpose …..…………………………..…………………………………………………………………………….….. 27 
 3. 2 Experimental Design ………………………………….………………………………………………….….… 28 
 3. 3 Results ……..……………………………………………………….………………………….……………….…….. 29 
 3. 4 Discussion ……..………….…………………………………………………………….……………………..…….. 30 
 






 4. 1 Purpose …..…………………………..…………………………………………………………………………….….. 35 
 4. 2 Experimental Design ………………………………….………………………………………………….….… 35 
 4. 3 Results ……..……………………………………………………….………………………….……………….…….. 37 
 4. 4 Discussion ……..………….…………………………………………………………….……………………..…….. 42 
 





 5. 1 Purpose …..…………………………..…………………………………………………………………………….….. 45 
 5. 2 Experimental Design ………………………………….………………………………………………….….… 45 
 5. 3 Results ……..……………………………………………………….………………………….……………….…….. 46 
 5. 4 Discussion ……..………….…………………………………………………………….……………………..…….. 49 
 
6. Experiment 4: Clinical Protocol with Normal Subjects …………………………………..……….. 51 
 
 6. 1 Purpose …..…………………………..…………………………………………………………………………….….. 51 
 6. 2 Experimental Design ………………………………….………………………………………………….….… 51 
 6. 3 Results ……..……………………………………………………….………………………….……………….…….. 52 
 6. 4 Discussion ……..………….…………………………………………………………….……………………..…….. 54 
 
7. Experiment 5: Clinical Protocol with Patients …………………..……………………………..……….. 56 
 
 7. 1 Retinitis Pigmentosa ………………………………….………………………………………………….….… 56 
 7. 2 Leber Congenital Amaurosis …………………………..…………………………………………….….… 59 
 7. 3 Achromatopsia ……………………….……..………………….………………………….……………….…….. 63 
 
8. General Discussion ………………………………………………………………….……………………………..……….. 66 
 
 8. 1 Conditions Favoring Rod, Cone and 
Melanopsin Contributions to the PLR 
  
…..……………………………………………………….….. 66 
 8. 2 Efficacy of Clinical Protocol ………………….…………………………………………………….….… 68 
 8. 3 Melanopsin Adaptation ………….……..…………………………………………….……………….…….. 70 
 8. 4 Caveats and Future Challenges …………………………….…………….……………………..…….. 72 
 
References ……………………………………….………….……..…………………………………………….……………….…….. 74 








Table 1 …………………………………………………………………………………. 8 
Table 2 …………………………………………………………………………………. 10 
Table 3 …………………………………………………………………………………. 26 
Table 4 …………………………………………………………………………………. 28 
Table 5 …………………………………………………………………………………. 32 
Table 6 …………………………………………………………………………………. 36 
Table 7 …………………………………………………………………………………. 46 




Figure 1 …………………………………………………………………………………. 92 
Figure 2 …………………………………………………………………………………. 93 
Figure 3 …………………………………………………………………………………. 94 
Figure 4 …………………………………………………………………………………. 95 
Figure 5 …………………………………………………………………………………. 96 
Figure 6 …………………………………………………………………………………. 97 
Figure 7 …………………………………………………………………………………. 98 
Figure 8 …………………………………………………………………………………. 99 
Figure 9 …………………………………………………………………………………. 100 
Figure 10 ………………………………………………………………………………. 101 
Figure 11 ………………………………………………………………………………. 102 





Figure 13 ………………………………………………………………………………. 104 
Figure 14 ………………………………………………………………………………… 105 
Figure 15 ………………………………………………………………………………. 106 
Figure 16 ………………………………………………………………………………. 107 
Figure 17 ………………………………………………………………………………. 108 
Figure 18 ………………………………………………………………………………. 109 
Figure 19 ………………………………………………………………………………. 110 
Figure 20 ………………………………………………………………………………. 111 
Figure 21 ………………………………………………………………………………… 112 
Figure 22 ………………………………………………………………………………. 113 
Figure 23 ………………………………………………………………………………. 114 
Figure 24 ………………………………………………………………………………. 115 
Figure 25 ………………………………………………………………………………. 116 
Figure 26 ………………………………………………………………………………. 117 
Figure 27 ………………………………………………………………………………. 118 
Figure 28 ………………………………………………………………………………… 119 
Figure 29 ………………………………………………………………………………. 120 
Figure 30 ………………………………………………………………………………. 121 
Figure 31 ………………………………………………………………………………. 122 
Figure 32 ………………………………………………………………………………. 123 
Figure 33 ………………………………………………………………………………. 124 
Figure 34 ………………………………………………………………………………. 125 
Figure 35 ………………………………………………………………………………… 126 





Figure 37 ………………………………………………………………………………. 128 
Figure 38 ………………………………………………………………………………. 129 
Figure 39 ………………………………………………………………………………. 130 
Figure 40 ………………………………………………………………………………… 131 
Figure 41 ………………………………………………………………………………. 132 







Light perception plays an important role in the regulation of an organism’s physiology, behavior 
and cognitive function. In mammals, their eyes are not only necessary for photoreception, which 
leads to image-forming (IF) vision, but also for various types of non-image forming (NIF) 
functions such as photoentrainment of the circadian rhythm, constriction of the pupil, acute 
suppression of pineal melatonin, acute suppression of activity (masking) in nocturnal mammals, 
alertness level, light exacerbation of migraine, photophobia, and regulation of sleep latency 
(Hatori & Panda, 2010; Herzog, 2007). Traditionally, it has been thought that there are only two 
photoreceptor types in the human retina: cones and rods. However, accumulating evidence 
indicates that a small subset of retinal ganglion cell (RGC) population includes another type of 
photosensitive molecule, melanopsin, and that these cells are a major mediator of NIF functions 
in animals, including humans. The studies proposed here utilize this new finding to better 
understand the functioning of this single class of RGCs in the human retina.  
 
1. 1 Before Melanopsin 
Ophthalmologists and vision researchers have long recognized that certain clinical observations 
in animals and patients with profound visual loss from photoreceptor degeneration cannot be 
adequately explained by the traditional model of two photoreceptor types. As early as 1927, 
Keeler reported that a strain of mice with severe outer retinal degeneration was capable of 
showing pupillary contraction to light (Keeler, 1927), thus implying the existence of an unknown 





several studies have supported this idea. For example, in 1980, it was reported that dopaminergic 
amacrine neurons of rat retinas with photoreceptor degeneration continued to respond to light 
(Morgan & Kamp, 1980). Mice lacking functional rods and cones still maintained a normal 
circadian cycle, and their diurnal oscillation could be phase-shifted with photoentrainment 
(Foster, et al., 1991; Freedman, et al., 1999; Lucas, et al., 2001). Some researchers pointed out 
that even the spectral sensitivity of photoentrainment in wild-type animals might not be fully 
explained only by rods and cones (D. Nelson & Takahashi, 1991; Takahashi, DeCoursey, 
Bauman, & Menaker, 1984). A discrepancy found during development also provided an insight. 
The suprachiasmatic nucleus (SCN) of newborn mice without properly developed rods or cones 
showed photic activation. This suggested that the light signal projection was organized before 
this stage of development (Weaver & Reppert, 1995). Similar observations were made in human 
subjects. The rod achromats’ pupils continued to respond to light intensity well beyond the rod 
saturation level (Alpern, Falls, & Lee, 1960). In other groups of patients without conscious visual 
perception, the photoentrainment of circadian rhythms and pineal melatonin synthesis to the 
daily cycle were still retained (Czeisler, et al., 1995; Lockley, et al., 1997; Lockley, Skene, 
Butler, & Arendt, 1999).  
Despite all these reports indicating a third type of photoreceptors in mammals, it seemed 
unreasonable to most visual neuroscientists at the time that a photoreceptor had been missed for 
over 150 years of study (Pickard & Sollars, 2010). Attributing the persistent response to the light 
to the few residual cones in retinal degenerate mice (Drager & Hubel, 1978) seemed rational in 
many cases until the introduction of transgenic mice made this explanation less viable and raised 





On the other hand, there was a widely accepted consensus about the fundamentally different 
photoreceptor in non-mammals mainly dedicated to the detection of light intensity, which is a 
NIF function (Bailes & Lucas, 2009). Since the seminal study about extra-ocular photoreceptors 
in minnows by Karl von Frisch (1911), many researchers supported the existence of extra-ocular 
NIF photoreceptors in the central nervous system, skin and peripheral organs of fish, amphibians, 
reptiles and birds (Menaker, Roberts, Elliott, & Underwood, 1970; Tamotsu & Morita, 1986; 
Taylor, 1972; Underwood, 1975). However, the removal of the eyes led to a total loss of light 
detection including NIF functions in rodents (Nelson & Zucker, 1981; Yamazaki, Goto, & 
Menaker, 1999), and no one reported evidence of an extra-ocular photoreceptor in other 
mammals.    
Nevertheless, a few researchers suggested a light detector system separated from IF vision in 
mammals before the emergence of direct evidence. For example, Barlow and Levick (1969) 
discovered that a small group of RGCs in the cat retina showed a sluggish and sustained response 
to the changing light intensity, and they tentatively named it “luminance units.” Even though 
they did not try to relate this finding to the unknown photopigment, there is a critical similarity in 
the features of the RGC subgroup in their study and those of the RGCs with melanopsin, which 
were identified almost 30 years later. More recently, Kashani (1993, 2009) suggested a third 
class of photoreceptor in the ganglion cells of mammals, including humans, and he coined the 
term “non-visual photoreceptors (NPs)” for these presumptive ganglion cells. He also speculated 
that this unknown photoreceptor must have had projections to the diencephalic centers instead of 
the visual cortex; this photoreceptor might perform more primitive functions with its emergence 





discovery convinced others of the existence of a new photoreceptor in mammals as direct 
evidence of such a photoreceptor was lacking at the time.  
 
1. 2 Discovery of the New Photopigment 
Provenicio et al. (1998) reported the presence of a novel photopigment in specialized light-
sensitive cells of frog skin and named this opsin “melanopsin.” Soon after, the same research 
team also discovered melanopsin in the human retina (Provencio, et al., 2000). This was quickly 
followed by similar findings in other mammals including rodent (Gooley, Lu, Chou, Scammell, 
& Saper, 2001; Hattar, Liao, Takao, Berson, & Yau, 2002; Provencio, Rollag, & Castrucci, 
2002), rabbits (Hoshi, Liu, Massey, & Mills, 2009), cats (Semo, Munoz Llamosas, Foster, & 
Jeffery, 2005), and primates (Dacey, et al., 2005; Jusuf, Lee, Hannibal, & Grunert, 2007). Figure 
1a-c shows the melanopsin immunostaining of ganglion cells in the rodent (a), human (b), and 
macaque (c) retina.  
In 2002, Berson, Dunn et al. (2002) first recorded the response from melanopsin-containing 
ganglion cells to light. The projection from these ganglion cells to the SCN was identified by 
retrograde transport of a vital fluorescent marker. They showed that these ganglion cells were 
capable of depolarization to light stimulation, even when input from the cones and rods was 
blocked by cobalt chloride. This result meant that these ganglion cells could function as 
independent photoreceptors; thus, they were named “intrinsically photosensitive retinal ganglion 
cells (ipRGCs).” The intrinsic response of these ganglion cells was depolarization, not 





in most invertebrate photoreceptors, but opposite to that of rods and cones in mammlas. The 
functional homology between melanopsin and invertebrate opsin was accordant with the findings 
that the genetic sequence of melanopsin was more similar to invertebrate rhabdomeric opsins 
than to mammalian ciliary opsins (Provencio, et al., 1998; Provencio, et al., 2000). Figure 1e 
shows the close relationship between melanopsin and other non-vertebrate opsins in the 
phylogenetic tree. 
 
1. 3 Morphology of ipRGCs 
In adult mammals, melanopsin appears to be expressed in no other cell type besides ipRGCs, and 
all ipRGCs appear to express melanopsin (Do & Yau, 2010). Melanopsin expression in ipRGCs 
is present on both the soma and the dendrites (Belenky, Smeraski, Provencio, Sollars, & Pickard, 
2003; Berson, et al., 2002; Do, et al., 2009; Hattar, et al., 2002; Provencio, et al., 2002). These 
ganglion cells are morphologically distinguished by their giant somas and extremely large, 
sparse, and irregular dendritic fields. Figure 1a-c shows that the morphology of the “giant” 
ipRGCs is similar across different species. Dacey et al. (2005) provided an extensive summary of 
the morphology and physiology of ipRGCs from humans and primates. Figure 2a shows the 
distribution of ipRGCs on the macaque retina. There was a significant morphological difference 
between the ipRGCs in the fovea (Figure 2b) and in the peripheral (Figure 2c). They also found 
that the ipRGC bodies are big, giving rise to the largest dendritic tree diameters of any primate 
retinal ganglion cell identified in their earlier study (Dacey, Peterson, Robinson, & Gamlin, 





However, the long, sparsely branching dendrites produce an extensive meshwork of highly 
overlapping processes.  
In addition to its intrinsic photosensitivity and inputs from the outer retina photoreceptors, the 
dendrites of ipRGCs have synaptic connectivity with bipolar and amacrine cells (Belenky, et al., 
2003; Dumitrescu, Pucci, Wong, & Berson, 2009; Hoshi, et al., 2009; Ostergaard, Hannibal, & 
Fahrenkrug, 2007; Viney, et al., 2007) 
 
1. 4 Diversity of ipRGCs 
While most ipRGCs share the previously described characteristics, recent studies indicate that 
ipRGCs do not form a homogenous group. Rather, there are multiple subtypes of ipRGCs that 
differ in morphology, synaptic projection, absolute photosensitivity, and other intrinsic 
electrophysiological properties (Bailes & Lucas, 2009; Do & Yau, 2010; Schmidt, Chen, & 
Hattar, 2011).   
So far, most researchers agree that at least 3 subtypes of ipRGCs exist (M1, M2 and M3) (Baver, 
Pickard, & Sollars, 2008; Berson, Castrucci, & Provencio, 2010; Schmidt & Kofuji, 2009; 
Schmidt, Taniguchi, & Kofuji, 2008; Viney, et al., 2007), and 2 additional (M4 and M5) 
subtypes are possible (Ecker, et al., 2010). Figure 3a-c shows the morphological diversity of 
three ipRGC subtypes in the mouse retina.   
The so-called M1 cells were the first discovered, and most of the early studies involved only this 





covers approximately 300 µm in diameter (Figure 3a). Most of them are located in the ganglion 
cell layer (GCL), while some are located in the inner nuclear layer (INL) (Dacey, et al., 2005; 
Hattar, et al., 2002). Rodent M2 cells have larger somata (~20 µm) and a larger dendritic field 
(~400 µm) (Baver, et al., 2008; Berson, et al., 2010; Schmidt & Kofuji, 2009; Viney, et al., 2007) 
(Figure 3b). The more obvious distinction between M1 and M2 cells is where their dendrites 
make synapses. Like most vertebrate RGCs, ipRGCs also form synapses in the inner plexiform 
layer (IPL), which can be subdivided into anatomically distinct sublaminae (Bailes & Lucas, 
2009). While the dendrites of M1 cells stratify at the “OFF-sublamina,” those of M2 cells form a 
connection with the bipolar cells at the “ON-sublamina” (see panels on bottom and left in Figure 
3a and b and schematic connectivity in Figure 3d). In spite of the separation in stratification, M1 
cells actually receive the signals from ON-bipolar cells (Dumitrescu, et al., 2009; Hoshi, et al., 
2009). However, the functional significance of this difference in dendritic stratification remains 
unknown (Bailes & Lucas, 2009). M3 are bistratified with dendritic synapses both in ON- and 
OFF-sublaminae (Figure 3c and d) (Berson, et al., 2010; Schmidt, et al., 2008; Viney, et al., 
2007), and M4 and M5 cells are known to have dendrites monostratified in the ON-sublaminae 
as well as M2 cells (Ecker, et al., 2010) (Figure 3d). Table 1 summarizes the morphological and 
physiological properties of ipRGC subtypes. [Note that Chen et al. (Chen, Badea, & Hattar, 2011) 
suggested the M1 cells might be divided into 2 subpopulations according to the expression of the 
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POpn4+: immunostains with melanopsin antibody; Opn4-: no staining with melanopsin antibody.  
P
c
POpn4Ptau-lacZP+ and Opn4Ptau-lacZP-: labeling or lack of labeling with X-gal, respectively 
P
d
POpn4PCreP+: labeling by melanopsin Cre line. 








1. 5 Projection of ipRGCs 
The ipRGCs project to multiple regions in the brain, and Table 2 shows a summary of the recent 
studies. The major targets of ipRGCs agree with the known NIF functions of ipRGC. The most 
well-established projection from ipRGC is the retinohypothalamic tract to the SCN (Berson, et 
al., 2002; Gooley, et al., 2001; Gooley, Lu, Fischer, & Saper, 2003; Hattar, et al., 2006; Hattar, et 
al., 2002). The SCN in the mammal anterior hypothalamus plays an important role as a master 
clock in circadian rhythm (Moore & Lenn, 1972; Pickard, 1980), and the ipRGC is dominant 
innervations to it. There is also a significant projection from the ipRGCs to intergeniculate leaflet 
(IGL), which is a control center to circadian entrainment. 
Another direct target of ipRGCs is the olivarypretectal nucleus (OPN), a crucial link in the 
circuit underlying the pupillary light reflex (Hattar, et al., 2006; Hattar, et al., 2002; Lucas, et al., 
2001; Lucas, et al., 2003; Panda, et al., 2003). Synapses in this parasympathetic circuit are found 
at the Edinger–Westphal nucleus (EW), the ciliary ganglion (CG), and the iris muscles (I). If this 
circuit is intact in patients who are blind due to severe photoreceptor diseases, retinitis 
pigmentosa (RP), it provides an explanation for why they still have an intact pupillary light 
reflex. Presumably, these patients still have their ipRGCs intact. In addition to these two main 
functions, the ipRGCs are also thought to be related to melatonin secretion by the pineal gland, 
light-induced suppression of locomotor activity in rodents, and circadian-independent regulation 
of sleep and heart rate by other projection targets like the ventral subparavenricular zone (vSPZ) 
and ventrolateral preoptic nucleus (VLPO) (Berson, 2007; Gooley, et al., 2003; Hannibal & 






Table 2. Targets of ipRGC projections 
IpRGC target Target Function IpRGC Innervation 
Suprachiasmatic nucleus (SCN) Master regulation of circadian rhythms Dominant 
Intergeniculate leaflet (IGL) Integration of photic and non-photic circadian cues Major 
Olivary pretectal nucleus (OPN) Pupillary constriction Major 
Posterior thalamic nucleus, dorsal border Nociception Major 
Lateral habenula (LHb) Integration of limbic, motor and circadian systems Undetermined 
Dorsal lateral geniculate nucleus (dLGN) Image-forming vision 
Previously thought minor, but 
recently more extensive 
Lateral hypothalamus (LH) Energy homeostasis Minor 
Lateral posterior thalamic nucleus (LP) Higher-order processing of thalamic, cortical and visual signals Moderate 
Posterior limitans thalamic nucleus (PLi) Detection of rapid illumination changes for non-imaging vision Moderate 
Superior colliculus (SC) Integration of multiple modalities for gaze control Minor 
Ventral lateral geniculate nucleus (vLGN) Visuomotor function Minor 
Ventral subparaventricular zone (vSPZ) Circadian and direct regulation of locomotion and sleep Minor 
Ventrolateral preoptic nucleus (VLPO) Promotion of sleep Minor 
Note: Reported central targets of ipRGCs are listed with their general functions. IpRGC innervations refers to the 
density of ipRGC afferents as compared with that of conventional RGCs. [Modified and updated from Fu et al. 
(2005).] 
 
The projection from ipRGCs to the thalamo-cortical visual system, more specifically, the dorsal 
lateral geniculate nucleus (dLGN), has been suspected. However, only a few studies have found 
support and only in rats and mice (Gooley, et al., 2003; Hannibal & Fahrenkrug, 2004; Hattar, et 
al., 2006). However, in more recent studies using mice, Brown et al. (2010) reported that ~40% 





al. (Ecker, et al., 2010) found a more extensive projection to dLGN. This greater than expected 
LGN input they found may be because the methods used in the study had the higher sensitivity to 
M1 ipRGCs. In the studies using tau-lacZ transgene knockout mice, the tau-β-galactosidase 
expression can detect only the M1 subtype because of its higher density of melanopsin (Baver, et 
al., 2008; Hattar, et al., 2006). However, by using another line of knockout mice (Cre/loxP), the 
researchers could replace the melanopsin genes Cre recombinase (Opn4PCreP), and found new 
subtypes of ipRGCs and their previously underestimated projections (see Table 1, and Figure 3d 
for their molecular identity and projections of each subtype). In normal individuals, the 
projections from ipRGC to LGN may provide global irradiance information for IF vision (Brown, 
et al., 2010; Ecker, et al., 2010; Hatori & Panda, 2010).  
 
1. 6 Functional Feature of ipRGCs and Their Photopigment 
The biochemical molecular cascade mediating melanopsin-based phototransduction is not yet 
fully understood (Kawasaki & Kardon, 2007), although some of its functional features have been 
reported (Berson, 2003; Dacey, et al., 2005; Fu, et al., 2005). First, the threshold of intrinsic 
photoactivation of ipRGCs is higher than for the responses by cones or rods. Secondly, the 
intrinsic photoactivation has a longer latency. Third, when stimulated by a bright light, the 
ipRGCs’ firing rate remains steady and is sustained with relatively little adaptation. This stable 
response in the presence of light is thought to be a key functional difference compared to RGCs 
with conventional input from rods and cones (Berson, 2007). Even after the light stimulus is 





15 sec longer (See Figure 1 inset). After the 10-sec stimulus (black horizontal bar) was turned off, 
the response of the ipRGCs remained at a higher level than the baseline for an extended period.   
The wavelength of peak sensitivity of the intrinsic phototransduction in the ipRGCs has been 
somewhat controversial. Spectrophotometric observations on purified melanopsin initially 
suggested a peak closer to 420 nm absorption (Newman, Walker, Brown, Cronin, & Robinson, 
2003). A similar value was obtained from electrophysiological measurements in one 
heterologous expression system (Melyan, Tarttelin, Bellingham, Lucas, & Hankins, 2005). These 
results were inconsistent with the spectral be havior of the ipRGC photoresponses, whose peak 
sensitivity was at about 480 nm (Berson, 2003; Dacey, et al., 2005; Panda, et al., 2005; Qiu, et al., 
2005). This raised a concern about whether melanopsin is indeed the photopigment involved (Fu, 
et al., 2005). However, more recent evidence suggests that if the composition of the extraction 
buffer is altered, purified melanopsin does absorb maximally near 480 nm (Koyanagi, Kubokawa, 
Tsukamoto, Shichida, & Terakita, 2005; Walker, Brown, Cronin, & Robinson, 2008); there is 
now general agreement that melanopsin accounts for the spectral behavior of ipRGC 
photoresponses in terms of peak sensitivity (Berson, 2007).  
As mentioned above, the current state of understanding of the signaling cascade linking 
melanopsin to the light-gated conductance change can only be roughly described (Berson, 2007). 
Opsins are heptihelical G-protein coupled receptors (GPCRs), and photoisomerization triggers 
heterotrimeric G-protein activation in all well-characterized bilaterian phototransduction 
cascades. Some evidence exists that this is true in ipRGCs (Warren, Allen, Brown, & Robinson, 





number of different biochemical assays and cell systems (Melyan, et al., 2005; Newman, et al., 
2003; Panda, et al., 2005; Qiu, et al., 2005), and it seems to do so in ipRGCs. 
 
1. 7 Electrophysiology of ipRGCs and Melanopsin Contribution 
The response of the ipRGCs as a function of light intensity was studied by Dacey et al. (2005). 
Figure 4 shows a sample result. When a 610-nm (long wavelength; red) stimulus of low intensity 
was presented for 10 sec, the firing rate of ipRGCs reached maximal firing rate quickly, showed 
some attenuation (adapted), and then ceased responding during the presence of the stimulus. 
When the same long wavelength was presented at a high intensity, the cell’s response lasted as 
long as the stimulus, but still a continuous attenuation was observed while the stimulus was on. 
As soon as the stimulus was off, this response ceased very rapidly. This pattern of cell firing to a 
red light is consistent with a cone-driven, transient, adapting response. When a low intensity, 
470-nm (short wavelength; blue) stimulus was presented, the very early part of the firing pattern 
was similar to that for the 610-nm stimulus; the firing rate of ipRGCs onset quickly and started 
to attenuate thereafter. However, the slope of attenuation was less steep, and the response 
continued while the stimulus was on. When an intense blue light was presented, the cell did not 
only maintain a steady rate of firing over the duration of the light stimulus, but also persisted for 
more than 10 sec even after the light was turned off. The authors suggested that this pattern of 
cell firing to an intense blue light was consistent with a summed input from cone activation and 





To study the contributions to the ipRGC response, Dacey et al. (2005) obtained response-versus-
intensity data for the ipRGCs under three different conditions. Figure 5a shows the result. In the 
first condition, the retina was kept in the total darkness for 20 minutes then exposed to different 
intensities of a 10-sec 470-nm light in a monotonically increasing manner (dark-adapted 
condition; grey circles in the Figure 5a). In the second condition, the retina was first exposed to 
high photopic level (> 14 quanta cmP-2P sP-1P) for several minutes, then 60-sec pulses were presented 
(light-adapted condition; black circles in the Figure 5a). In the third condition, the retina was 
bathed in 9Tl9T-AP4 and CNQX, which blocked both the rod and cone input to the ipRGCs (isolated 
intrinsic condition; open circles in the Figure 5a).  
The three conditions were assumed to manipulate the contributions of the three different 
photoreceptors/pigment classes of primate ipRGCs. The response-intensity data for these three 
conditions are matched to visual functions and their corresponding pupil sizes predicted from a 
figure in Hood and Finkelstein (1986) in the lower bars of Figure  5a.  
The dark-adapted condition was assumed to be dominated by the rods because rods are more 
sensitive after the 20 minutes of dark-adaptation, especially to the dim light. The initial limb of 
the response function is roughly linear on this semi-log plot, and appears to reach a local 
maximum round 9 to 11 log quanta corresponding to a mesopic light level. At higher intensities, 
the response continues to increase through the photopic range, presumably due to cone and 
melanopsin contributions. Figure 5b shows the intracellularly recorded signal during and after a 





The light-adapted condition, which suppresses the rod input, was believed to show the input 
mostly from the cones and melanopsin. As expected from this assumption, the threshold of the 
response function was much higher than the dark-adapted condition; the ipRGCs began to 
respond at mesopic light range. The intracellularly recorded signal (Figure 5c) suggested that 
there was a contribution from the intrinsic melanopsin because prolonged spiking was seen at the 
end of the 60-sec stimulus pulse. Figure 5e shows that prolonged spiking only occurred when the 
stimulus was high (13.5 or 14 log quanta cmP-2P sP-1P; see Figure 5c, left and 5e, right), not low (11 
log quanta cmP-2P sP-1P; see Figure 5e, left). By combining these two results, Dacey et al. suggested 
that response function from the dark-adapted condition is the summation of contributions from 
three photoreceptors: cones and rods plus a melanopsin response at high light levels. The plateau 
begins before the cones and melanopsin start to contribute. This means that the increase in the 
response function after the mesopic level in the dark-adapted condition may be the due to a 
combination of all three photoreceptors, especially and while light-adapted condition 
successfully removed the rod contribution, but not the melanopsin contribution.  
The third condition is assumed to show the contribution of the pure intrinsic melanopsin 
photoresponses because there was a pharmacological blockade of the cone and rod input. The 
response function of this photopigment has an even higher threshold and shows saturation at 







1. 8 Pupillary Light Reflex as a Measurement of the ipRGC Responses 
The pupillary light reflex (PLR) is a reflex that controls the constriction and dilation of the pupil 
depending upon the intensity of light. By changing the size of pupil, the light intensity reaching 
the retina can be effectively regulated (Loewenfeld & Lowenstein, 1993). The circuit mediating 
the PLR has been extensively studied in humans and other mammals, and it is generally accepted 
that the PLR is essentially the same in humans and monkeys (Clarke, Zhang, & Gamlin, 2003; 
Loewenfeld, 1958; Loewenfeld & Lowenstein, 1993). The PLR has been used in the clinic as an 
objective measure of retinal and optic nerve function. While most clinical studies have 
emphasized its transient response properties including the briskness, latency and the amplitude of 
pupil constriction to a brief, bright white light stimulus (Bremner, Shallo-Hoffmann, Riordan-
Eva, & Smith, 1999; Kardon, Kawasaki, & Miller, 2006; Kawasaki & Kardon, 2007; Volpe, 
Plotkin, Maguire, Hariprasad, & Galetta, 2000; Wilhelm, et al., 2001), one of the important 
features of PLR is its tonic nature in continuous bright light (Bouma, 1962; Clarke, et al., 2003; 
Loewenfeld & Lowenstein, 1993). The electrophysiological recordings from traditional ganglion 
cells, which show rapid desensitization/adaptation (Shapley & Enroth-Cugell, 1984), could not 
account for this tonic pupillary response. The introduction of a new photopigment, melanopsin, 
leads to a breakthrough in our understanding of the steady-state pupil response.  
Figure 6 shows a typical PLR to a 5-sec bright light (Kawasaki & Kardon, 2007). The response 
during the stimulus can be roughly separated into two components: transient and sustained. 
When the stimulus is turned on, there is a rapid-onset, high-velocity constriction until it reaches a 
minimum pupil size. After this peak, the pupil begins to dilate, or “escape,” quickly to a 





slow attenuation. Once the light is turned off, the pupil size gradually returns to the baseline level. 
These transient and sustained components have been known to researchers for a long time (Kohn 
& Clynes, 1969; Lowenstein & Loewenfeld, 1969), but there is no single model to explain the 
complexity of the PLR as a function of light stimulus intensity or wavelength. 
Two studies of the role of melanopsin in the human PLR are particularly important for our work. 
First, Gamlin et al. (2007) recorded both the responses from ipRGCs (from rhesus monkeys) and 
the PLR (from monkeys and humans). Figure 7 shows the pupillary and ganglion cell responses 
from the monkeys. Averaged pupillary responses (n = 5) are depicted in Figure 7a. After a 10-sec 
bright blue light (493 nm, 13.3 log quanta cmP-2P sP-1P) is turned off, there is a transient pupil 
dilation, which then returns to baseline. This response waveform is strikingly similar to the 
intracellular recording from an ipRGC (Figure 7b) to a similar but not identical, light (470 nm, 
13.5 log quanta cmP-2P sP-1P). Figure 7c plots the amplitude of the PLR as a function of the intensity 
of a 532-nm light for the control condition (black circles) and during pharmacological blockade 
(empty squares) respectively. Compare the response function with those in Figure 5a. The 
blocker used in this study blocked the inputs from both cones and rods; thus, the response (open 
squares) can be assumed to be driven by the melanopsin responses in the ipRGCs. Further 
confirmation comes from the spectral sensitivity data in Figure 7. The data obtained during 
pharmacological blockade (black circles) are well fit (RP2P = 0.99) by a vitamin-A1 pigment 
nomogram with peak sensitivity at 482 nm. That is, the blocked responses, which are supposed 
to be driven mainly by melanopsin, are fit well with the absorption spectrum of melanopsin, 





A second study on human PLRs was reported recently by Kardon et al. (Kardon, et al., 2009, 
2011). The authors hypothesized that optimal selection of the light intensity, wavelength, and 
duration could bias the contribution of cones, rods, and ipRGCs to the PLR. Because melanopsin 
is activated only at relatively higher light intensities (Dacey, et al., 2005; see figure 5), they 
assumed that the suprathreshold, but low intensity, lights should primarily elicit cone- and rod-
mediated PLRs. Also, they expected the low intensity blue light would produce responses mainly 
driven by rods, while red light would favor the cones. They expected that these data could help 
the dissociation of the contribution from rods and melanopsin.   
Figure 8 plots examples of PLR using a red light (red line) and a blue light (blue line). Figures 8a, 
b, and c show the data from a normal control (a) and a patient with severe unilateral 
photoreceptor degeneration attributable to X-linked retinitis pigmentosa (RP) (b and c). Three 
different intensities (1, 10, and 100 cd/mP2P) of red and blue lights were presented in a stepwise 
manner. In the normal control subject (Figure 8a), the pupil contracted more to blue lights than to 
the red lights throughout the whole time course. However, their bright blue-light stimulus failed 
to lead to persistent contraction of the pupil after the stimulus light was terminated. The authors 
speculated that this failure was due to an insufficiently intense stimulus (100 cd/mP2P). In the 
unaffected eye of RP patients (Figure 8b), blue light stimulation produces a larger pupil 
constriction compared with red light stimulation, but the difference was much smaller than the 
difference found in the normal subjects. In the severely affected eye (Figure 8c), there was no 
recordable pupil response to red light even at the brightest intensity. Only a bright blue light 
stimulus (100 cd/mP2P) evoked a large and sustained pupil constriction. This response was 
consistent with the general description of the disease; the severed damaged photoreceptor and 





blue light may imply the intact function of the ipRGCs with melanopsin. Even though this study 
illustrated the clinical implication of the melanopsin responses in patients, there were several 
problems. First, their weakest step they used (1 cd/mP2P) is clearly mesopic level because a person 
with normal vision can detect the color of the stimuli at this level of intensity. Thus, this 
condition was not optimal to test the rod dysfunction independent of cone sensitivity. Secondly, 
by presenting a series of 10-sec stimuli without intervals, each step could cause unwanted light-
adaptation. For example, the sustained response in normal controls, which was weaker than 
expected, might be due to suppression of melanopsin response caused by the previous stimuli. 
Another problem with the continuous stimulus presentation was that each step produced a shift in 
baseline pupil size. The following stimulus was presented before the pupil baseline could recover 
from the previous stimuli, thus making the interpretation of the change difficult. 
 
1. 9 Purpose of the Current Study 
The studies summarized above suggest that the ipRGC response is produced by a combination of 
three classes of photopigments (rod, cone and melanopsin). However, in human subjects, it is 
difficult to dissociate the contribution of each photopigment to a particular light stimulus without 
invasive intervention. 
The PLR can be a useful experimental measure to solve this problem. The ipRGCs largely 
control the pupillary light reflex, and many studies suggest that light absorption by melanopsin 
produces sustained pupil responses. Thus, manipulation of the wavelength, duration, and 





the two other types of photoreceptors. Another advantage of using the PLR test is that it is 
entirely non-invasive and simple. Thus it can be run on most individuals including patients. 
Therefore, the PLR is currently the indirect, but only available measurement of human ipRGCs 
in the clinical setting.  
The primary goal of this study is to design various parametric experiments to clarify the 
contribution of the cone, rod, and melanopsin in human PLRs by manipulating stimulus 
parameters according to well-established knowledge about the sensitivity differences of each 
photoreceptor. Furthermore, if the normal subjects and patients with certain types of 
ophthalmological diseases are tested in the same experimental design, the difference in the 
results can provide a better understanding of the contribution of each of the 3 photopigments, 
depending on the type of deficit. For example, the results from patients without cone 
photoreceptor input (e.g. rod monochromats), or with neither rods nor cones input (retinitis 
pigmentosa (RP) or Leber congenital amaurosis (LCA)) can be used to test hypotheses about 
particular contributions to the human PLR in a way analogous to transgenic animal models. 
First, the use of the PLR as an assay of the ipRGC is of potential clinical value (Kardon, et al., 
2009; Kawasaki & Kardon, 2007). A protocol to evaluate the melanopsin contribution versus rod 
and cone contributions to the PLR could be used in the clinic to estimate the degree of damage to 
the RGCs versus to the retinal photoreceptors. Second, the presence of intact ipRGCs may help 
us to understand currently unexplained phenomena (e.g. circadian rhythms) in some patients with 
little to no receptor function (Lockley, et al., 1997). Third, considering recent developments in 
retinal prosthesis (e.g. Besch, et al., 2008; Chow, Bittner, & Pardue, 2010; Radtke, et al., 2008), 





and the sub-retinal delivery of corrective genes with viral vectors (Bainbridge, et al., 2008; 
Hauswirth, et al., 2008; Stein, Roy, Lei, & Kaushal, 2011), it is necessary to know which patients 
have functioning RGCs and are thus viable candidates for recovery of vision. Finally, the recent 
discovery of projection from ipRGCs to the dLGN implies a certain role of melanopsin in IF 
vision. If the ipRGC can detect the variation in brightness across the visual field, an intervention 
maximizing ipRGC sensitivity may be used as a visual aid (Willyard, 2010). Knowing the degree 
of intact ipRGC function will be important in this case. 
In summary, the purpose of this study is to better understand the relative contributions of rods, 
cones, and melanopsin to the human PLRs and to determine the optimal conditions for assessing 
the health of the rods, cones, and melanopsin pathways with a relatively brief clinical protocol. 
The PLRs from individuals with normal vision and with various ophthalmological diseases were 






2. Methods   
The study consisted of four experiments: Experiment 1 measured PLRs to red and blue light 
stimuli of various durations to determine the optimal parameters to be used in subsequent 
experiments. Experiment 2 measured the pupil response vs. stimulus intensity (RvI) functions for 
red and blue stimuli in the dark. Experiment 3 measured similar RvI funcitons under light-
adaptation with rod-suppressing blue background. Experiment 4 and 5 illustrate clinical 
protocols based on the results from Exp. 1-3.  
 
2. 1 Light Stimuli 
The light stimulation in all experiments was controlled by a Diagnosys Espion V5 system with 
the ColorDome™ LED full-field stimulator (Diagnosys LLC, Lowell, MA). The Ganzfeld 
apparatus provides a 45-degree horizontal radius of viewing angle. This system can generate a 
wide range of stimuli (from -4 to 2.6 log cd/mP2P for blue (467 ± 17nm), from -4 to > 2.6 log 
cd/mP2P for red (640nm ± 10)). Most previous studies showed that melanopsin responses were 
observed in a certain intensity range (~11 to >14 log quanta/cm²/sec) (Dacey, et al., 2005; 
Gamlin, et al., 2007; McDougal & Gamlin, 2010). Converting from photon flux irradiance 
(quanta/sec/deg²) to photopic trolands (Pianta & Kalloniatis, 2000), the 11 and 14 quanta/cm²/sec 
of 470-nm stimulus is equivalent to  -0.73 and 2.27 log cd/m², respectively, given an average 
pupil width of 7 mm and a stimulus duration of 1 sec. These intensity levels have been used 





activity from human subjects (Gamlin, et al., 2007; Kardon, et al., 2009; Kimura & Young, 2010; 
McDougal & Gamlin, 2009; Mure, et al., 2009). Except in Exp. 1, the duration of all stimuli was 
1 sec. The reason why we chose a short duration comparing to previous studies will be discussed 
later. 
Because the stimuli were generated by LED lights, which have a relatively broad spectrum, we 
were concerned that the sensitivity separation between the wavelengths might not be the 
accurately estimated from the CIE curve for the peak LED wavelengths. Thresholds for red and 
blue lights were obtained for ten subjects with normal vision (7 males, 3 females, 28.4 ± 14.8 
years) using a psychophysical procedure and the Diagnosys equipment (Klein & Birch, 2009). 
Each subject ran the same test 3 times on the same day. Figure 9 shows the result. The sensitivity 
threshold for red is shown in red, and the threshold for blue is in blue. The results from the same 
subject are marked by the same symbol. The big black circles are the median of all subjects’ 
thresholds. The thin gray lines connect the medians of 3 tests by each subject. The thick black 
line connects the median of all subjects’ thresholds. The difference between medians of red and 
blue light thresholds was 2.26-log units. This separation was close to the value of 2.3-log units 
calculated by the Espion consol system, but less than the 2.63-log units calculated from the CIE 
curve without taking the spectral spread of the LEDs into consideration.   
 
2. 2 Pupil Recording 
An eye-tracking camera system (Arrington, AZ) was used for real-time pupil recording with 60 





This apparatus is designed so that there is no physical contact with the eyes and minimal 
occlusion in visual field.  
 
2. 3 Dark- and Light-Adaptation 
A 10-minute dark-adaptation period preceded all the experiments. During this phase, the subjects 
were asked to keep their eyes open and the experimenter monitors the subject’s pupil dilation. In 
the light-adaptation condition, the same procedure preceded with a lit background in the 
Ganzfeld apparatus. Light-adaptation lasted 2 minutes.  
 
2. 4 Data Analysis 
The data sets were analyzed offline by customized MATLAB scripts, allowing semi-automatic 
analysis. First, a median filter with a 1000-(Exp. 1) or a 500-ms (Exp. 2, 3, and 4) time window 
was applied to remove the eye blinks inspected and rejected the filtered data when the responses 
are irreparably contaminated. Figure 10 shows the raw and filtered pupil responses in black and 
red respectively. After filtering process, the absolute PLRs (Figure 10a) were converted into two 
relative units: normalized and incremental PLRs (Figure 10b, c). Baseline pupil size was chosen 
as the median pupil diameter during 1 second prior to each stimulus onset (Figure 10a; thick blue 
line). The incremental (eq. 1) and relative (eq. 2) pupil sizes were then calculated by division and 





Incremental pupil size(mm) = Absolute pupil size (mm) - Baseline pupil size (mm)    eq.1 
Relative pupil size = Absolute pupil size (mm) / Baseline pupil size (mm)    eq.2 
The peak amplitude and peak latency were defined as the minimum pupil size after stimulus-
onset and its latency from stimulus onset, and the sustained response was defined as the pupil 
size at 6 second after stimulus offset (see Figure 10a). Additionally, the latency where the pupil 
size reaches the half of the difference between peak amplitude and baseline was defined as a 50% 
recovery latency. Responses irreparably contaminated by eye blinks or slow drifts were rejected. 
The PLRs from one subject for the same stimulus condition were averaged. Note that 
normalization only changed the peak amplitude size and the sustained response, not other latency 
parameters or the waveform itself (see Figure 10b, c). 
 
2. 5 Subjects 
Individuals with 20/20 corrected vision and no known visual abnormalities participated. The 
dominant eye was decided by a simple finger position test and used for the recording (monocular 
recording). The untested eye was covered with a patch. The number of subjects will be described 
in each respective experiment below. Informed consent was obtained from all subjects before 
their participation. Procedures adhered to the tenets of the Declaration of Helsinki, and the 
protocol was approved by the committee of the Institutional Board of Research Associates of 






2. 6 Patients 
Experiment 4 and 5 tested patients with retinitis pigmentosa (RP) patients and 3 patients with 
Leber congenital amaurosis (LCA), and 2 patients with achromatopsia (ACHM). All paitents had 
light perception or better. The patients details are summarized in the Table 3. 
 
Table 3. Patient Summary.  
Subject  Gender Age First diagnosed at Diagnosis Eye Visual Acuity 
RP1 M 39 21  RP OD HM at 10cm 
RP2 F 54 16 RP OS LP, cataract 
RP3 M 46 27 RP OS HM at 10cm 
RP4 M 34 18 RP OD HM at 15cm 
RP5 F 40 25 RP OD 20/800 
LCA1 F 41 since birth LCA OD LP 
LCA2 F 19 since birth LCA OD LP 
LCA3 M 22 since birth LCA OD LP 
ACHM1 M 34 since birth ACHM OD 20/200 
ACHM2 M 63 since birth ACHM OD 20/200 
 
RP: Retinitis Pigmentosa, LCA: Leber Congenital Amaurosis, ACHM: Achromatopsia,  OD: right eye, OS: left eye, 






3. Experiment 1: Stimulus Duration Effect in Melanopsin-Driven 
PLRs 
 
3. 1 Purpose 
In this experiment, we tested the dynamics of melanopsin responses to different stimulus 
durations and determined the optimal stimulus duration for the further experiments. We did not 
want to use stimuli longer than necessary for two reasons. Firstly, the longer the stimuli 
(especially the blue stimuli), the more discomfort the subject experiences. Secondly, longer 
stimuli will have a greater effect on the adaptation state of the eye. Finally, a shorter stimulus 
enables an earlier measurement of the sustained pupil responses (the indicator of the melanopsin 
responses in the human PLRs) than a longer stimulus. This is important because the later part of 
the PLRs is more likely contaminated by the eye blinks or other fluctuation not attributed to the 
test stimulus. 
Previous studies have suggested that relatively long (> 10 sec) and intense stimuli are optimal to 
evoke the melanopsin responses not only in in vitro cell recording but also in human or primate 
PLRs (e.g. Dacey, et al., 2005; Gamlin, et al., 2007; Guler, et al., 2008; McDougal & Gamlin, 
2009).  The temporal integration may be an important property of the melanopsin mechanism. 
This speculation comes from two facts: first, the melanopsin-containing ganglion cells’ firing 
rate increases slowly, and then remains sustained without indication of fatigue or adaptation 
throughout the stimulus duration; second, this sustained ganglion activity is reflected in the 
waveform of the human PLRs. However, to our knowledge, there has not been a systematic 





responses with increased stimulus duration, blue stimuli because of the greater sensitivity of 
melanopsin to this light.  
 
3. 2 Experiment Design 
After a 10-min dark-adaptation, the red and blue stimuli were presented in separate runs; in each 
run, 2.5-log cd/mP2P flashes of 8 durations were presented (4, 10, 32, 100, 316, 1000, 3162, and 
10000 ms, respectively). In the first run (red condition), there were 30-sec recovery inter-
stimulus intervals (ISIs), while in the second run (blue condition), the ISI increased from 30 sec 
to 120 sec as the stimulus durations increased because the PLRs to blue flashes required longer 
recovery times. There was an additional 5-min dark-adaptation between 2 runs.  
Table 4. Experiment 1 ISIs. 
 Red Condition Blue Condition 
Stimulus Duration (ms) ISI (sec) 
4 30 30 
10 30 30 
32 30 40 
100 30 40 
316 30 60 
1000  30 60 
3162  30 90 
10000  30 120 
Note: Because each stimulus was presented once in a run, the ISI was inserted between two stimuli: the particular stimulus and the following 






Three male and two female subjects were run the experiment twice on two separate days. One 
subject’s data was removed due to extreme eye blinks. After exclusion, the mean age of subejcts 
was 29 ± 11.6 years.  
 
3. 3 Results 
The averaged PLRs are shown in Figure 11a-c. Figure 11 shows the PLR in 1) absolute pupil 
size (mm), b) incremental pupil size (mm), and c) in relative pupil size. The graphs in the upper 
row show the PLRs for the red stimuli, and the ones in the lower row show the PLRs for the blue 
stimuli. The PLRs to 8 stimulus durations are coded in difference colors. In all 3 sets of results, 
the peak size monotonically decreased as the stimulus duration increased in both the red and blue 
conditions until 3162-ms (3-sec); The 10000-ms (10-sec) stimuli did not lead to a smaller peak 
pupil size (i.e. larger response) than the 3-sec stimuli.  On the contrary, the peak size by a 3-sec 
blue stimulus was smaller than the peak size by a 10-sec blue stimulus in absolute pupil size 
(Figure 11a; lower row). However, this seemed due to the shifted baseline; when the baseline 
effect was removed by normalization, the overshoot by 3-sec blue stimulus in absolute pupil size 
disappeared (Figure 11b, c; lower row).  
The pupil sizes at 6 sec after stimulus offset (sustained responses) are marked as circles on PLRs 
in Figure 11. The upper panels of Figure 12a-c replot these results with standard error bars. After 
the red stimuli, PLRs returned to baseline quickly, and the sustained response decreased slightly 
and monotonically with increased stimulus duration (red lines in Figure 12a-c; upper row). 





responses amplitudes. The other blue stimuli (> 100 ms, < 1 sec), the sustained response at 6 sec 
after stimulus offsets was smallest at 1 sec (Figure 12a-c; upper row; the filled blue circles on 
blue lines). The graphs in the lower row of Figure 12 show the comparison between two stimulus 
durations (1 sec and 10 sec). The PLRs to 1-sec red and blue stimuli are in vivid colors and the 
PLRs by 10-sec red and blue stimuli are in desaturated colors. The pupil sizes at 6 sec after 
stimulus offsets are marked (circles for 1-sec stimuli, stars for 10-sec stimuli) and the dashed 
lines show that the difference between PLRs to the red and blue stimuli is largest with 1-sec 
duration. This result suggests that using 1-sec stimuli maximizes the difference between the 
sustained pupil responses to the red and blue stimuli. 
Figure 13 shows the PLRs time-locked to stimulus offsets. The rows and columns are aligned as 
Figure 11. After red stimuli, the PLRs returned to the baseline quickly (> 10 sec) and the slopes 
of the escape curves are similar regardless of stimulus durations (Figure 13a-c; upper row). In 
contrast, the slopes of the escape curves after blue stimuli become more shallow as stimulus 
duration increases until 1000-ms, and then appear steeper again to the 3162- and 10000-ms 
stimuli (Figure 13a-c; lower row; see the PLRs in blue and purple).  
 
3. 4 Discussion 
Many studies on melanopsin activity employ light stimuli with long durations (> 10 sec). This 
convention is based on the findings from the intercellular recording of ipRGCs (e.g. Dacey, et al., 
2005). The effect of stimulus duration on the melanopsin driven component in human PLR is 





cone, and melanopsin in human PLRs and concluded that there was no significant contribution 
from melanopsin in PLRs to stimuli shorter than 10 sec, while Young and Kimura (2008) 
reanalyzed their previous research data and claimed that the PLR driven by 10-sec or shorter 
stimuli could still exhibit a sustained component indicative of melanopsin activity. Moreover, 
Tsujimura and Tokuda (2011) employed a silent-receptor substitution paradigm using 2-sec 
stimuli and claimed they successfully measured the melanopsin driven component in human 
PLRs under condition where ipRGCs are isolated.   
Our results agree with the studies that a short duration can effectively drive a sustained response 
in human PLRs. A new aspect of the PLR was observed: the escape slopes after peaks stayed 
consistent regardless of duration of the red stimulus, while there was an interesting interaction 
for the blue stimulus conditions. Consideration of the muscular physiology of the PLR provides a 
possible explanation. According to the physiological studies, the active and passive tensions of 
pupillary muscles (constrictor and dilator) are controlled by different innervations (Loewenfeld, 







Table 5. Reciprocal innervations of the pupillary muscles. 
A. Mechanisms and 
characteristics of movements 
Dilation Constriction 
Sympathetic excitation: 
Fast, extensive, short-lasting 
(1) Agonist: Elicits dilation (5) Antagonist: reduces contraction 
Parasympathetic inhibition: 
Slow, inextensive, long-lasting 
(2) Synergist: enhances dilation (6) Antagonist: blocks contraction 
Parasympathetic excitation: 
Fast, extensive, short-lasting 
(3) Antagonist: reduced dilation (7) Agonist: elicits contraction 
Sympathetic inhibition: 
Slow, inextensive, long-lasting 
(4) Antagonist: reduced dilation (8) Synergist: enhances contraction 
 
  B. Experimental evidence for effects (1) to (8) in part A  
(1) Great increase of action potentials in longer ciliary nerves upon psycho-sensory stimulation; dilation much reduced after sympathectomy  
(2) Reduced action potentials in short ciliary nerves upon psycho-sensory stimulation; residual reflex dilation still present after sympathectomy is 
abolished when the third nerve is cut  
(3) Reduced amplitude of reflex dilation by simultaneous light stimulation  
(4) Could not evoked phasic sympathetic inhibition by experimental stimulus  
(5) Attenuation of light reflex by simultaneous sympathetic stimulation, and enhanced peak speed of light reflex after sympathectomy  
(6) Reduced or abolished action potentials in short ciliary nerves, and reduced or abolished light reflex upon simultaneous psycho-sensory 
stimulation  
(7) Great increase of action potentials in short ciliary nerves upon stimulation by light; and loss of constriction when the parasympathetic nerve 
supply is interrupted  
(8) Reduced action potentials in long ciliary nerves upon stimulation by light, and active discharges after “light-off”; loss of the slow second 
component of pupillary redilation after contractions to light  
Modified from Loewenfeld & Lowenstein (1993). 
 
Taking this information into consideration, we can assume the PLRs observed in Exp. 1 





reaching peak, and sustained constriction preventing baseline recovery.  The initial constriction 
must be driven by the excitation of parasympathetic innervations, while the fast escape must be 
elicited by excitation of sympathetic excitation. However, it seems hard to explain the interaction 
between the attenuation of fast escape in the PLRs to the shorter blue stimuli (≤ 1 sec) and the 
sudden reintroduction of it to the longer blue stimuli (≥ 3 sec), with a single mechanism. This 
may be because the adaptation during the ≥ 1-sec stimulus presentation results in a failure in 
inhibition of sympathetic system.  Alternatively, when the melanopsin-effective stimulus is short 
enough, the latencies of the initial peak driven by cones and the sustained response drive by 
melanopsin may converge, and the linear summation of the two may result in a more gradual 
response curve.  
The purpose of this experiment was to find the shortest stimulus duration that can drive 
melanopsin-related sustained responses. The reason we preferred to use as short a stimulus as 
possible was to avoid the effects of adaptation of melanopsin and to minimize the time needed 
between flashes for recovery. If a prolonged stimulus causes adaption while it is still on, the 
comparison of the physiology of the underlying photoreceptors becomes more difficult. Thus, 
using a short stimulus would facilitate the examination of the dynamics among melanopsin and 
other photoreceptors in human PLRs. 
Also, as described above, using a short stimulus in a clinical protocol has advantages. With a 
short stimulus, the subjects’ discomfort from the intense light stimulus can be attenuated. 
Moreover, if we can measure the melanopsin-driven component in PLRs sooner, the possibility 
of data contamination by eye blinks or other fluctuations in the pupil size not due to the stimuli 





In Figure 13, we see a drastic change in waveform after stimulus offset when a > 3 sec blue 
stimulus was presented. If we take the amplitude at 6 sec after stimulus offset as a proxy of the 
melanopsin response, then this result suggests that there is little to advantage in increasing the 






4. Experiment 2: Pupil Response vs. Stimulus Intensity Functions in 
the Dark 
 
4. 1 Purpose 
As explained in the introduction, Dacey et al. (2005) suggested that it was possible to determine 
the relative contributions of cones, rods, and melanopsin in the ipRGC signals based upon 
response-versus-intensity (RvI) data from RGCs (Figure 5a). In Exp. 2 , the similar RvI data for 
the human PLRs were obtrained by using a wide range of intensities of red and blue stimuli in 
the dark-adpated condition. Based on the relative sensitivities to red and blue lights, we will 
attempt to identify the contributions from rods, cones and melanopsin inputs to human PLRs. 
 
4. 2 Experiment Design 
After a 10-min dark-adaptation period, alternating red and blue stimuli were presented over a 
wide intensity range (from -4  to 2.6 log cd/mP2P in 0.5-log steps). To avoid subject fatigue, the 
experiment was split into two runs. The intensities of the first run ranged from -4 to 2 log cd/mP2P 
in 1-log steps. The intensities of the second run ranged from -3.5 to 2.6 log cd/mP2P in 1-log steps 
and included stimuli at 0 log cd/mP2P. This step, which was identical to stimuli in the first run, was 
added in the second run to test the repeatability of the two runs. By combining the two runs, a 
RvI function in 0.5-log steps was constructed. Between the two runs, five or more minutes of 





were followed by blue stimuli. The ISI increased from 10 to 60 sec to allow baseline recovery. 
Table 6 shows the ISI (recovery time after stimulus) for each stimulus. The highest intensity step 
was 2.6 log instead of 2.5 log cd/mP2P to maximize the potential melanopsin effect. Based on the 
results from Exp. 1, the stimulus duration was 1 sec.  
 
Table 6. Experiment 2 ISIs. 
 Red Condition Blue Condition 
Intensity (log cd/mP2P) ISI (sec) 
-4 10 10 
-3.5 10 10 
-3 10 10 
-2.5 10 10 
-2 15 15 
-1.5 15 15 
-1 15 15 
-0.5 15 15 
0  20 20 
0.5 20 20 
1 20 40* 
1.5 20 40* 
2 30 60* 
2.6 30 60* 
 
*Because the blue flashes at high intensity range (>1 log cd/mP2P) require longer baseline recovery time, the ISIs after high intensity blue stimuli 






Three male and 4 female subjects were run on 2 separate days. The mean age of the subejcts was 
26.4 years (ranging from 19 to 37 years). One RP patient (RP3 in Table 3) and 1 LCA patient 
(LCA1 in Table 3) were tested by a similar procedure (from -4 to 2 log cd/mP2P in 1-log steps and 
2.6 log cd/mP2 Pflashes). 
   
 4. 3 Results 
After a 10-min dark-adaptation, the average pupil diameter of the 7 normal controls was 7.13 ± 
0.52 mm. Figure 14 shows the average PLRs for 11 seconds (1 sec baseline and 10 sec after 
stimulus onset) for the stimulus intensities: from -4 to 2.6 log cd/mP2P. The panels are arranged in 
the same manner as those in Figure 11 (a: absolute pupil size; b: incremental pupil size; c: 
relative pupil size; upper row for red stimuli; lower row for blue stimuli). The colors of the PLR 
waveforms correspond to the stimulus colors (red and blue), and the saturation codes the 
stimulus intensity change (more intense stimuli are more saturated). The stimulus duration is 
shown as the black bar on the x-axis.  
The PLRs to red stimuli show the monotonic increase of peak amplitude sizes and fast recovery 
through the entire intensity range (Figure 14; upper row). The PLRs by blue stimuli showed 
similar waveforms in the low intensity range (< 1-log cd/mP2P), but distinctive sustained responses 
become evident beyond the 1-log cd/mP2P intensity level (Figure 14; lower row). Note that there 
was little or no response to the red stimulus at the lowest intensity (-4 log cd/mP2P) and that the 
baseline pupil amplitudes to the -4- and – 3.5-log cd/mP2 Pred stimuli (~7 mm) were larger than 





the 10-min dark-adaptation led to a maximum dilation, but once a stimulus drove a measurable 
PLR (e.g. -4-log cd/mP2P blue flash), the baseline decreased to a slightly lower level (6-6.5 mm) 
and did not return back to the original maximum baseline, even after the following recovery 
times (ISIs). This global drifting was observed in most subjects. When the PLRs were 
normalized by the baselines, the drift was removed (Figure 14b and c), but the morphology of the 
PLR waveforms was not changed.  
Figure 15a-c compares the PLRs to photopically matched red and blue stimuli. The panels are 
arranged in a similar manner as those in Figure 11 (a: absolute pupil size; b: incremental pupil 
size; c: relative pupil size). Each row shows the pair of PLRs to the photopically matched red and 
blue stimuli; the stimulus intensity increased in 1-log step along with the rows from top to 
bottom. The blue stimuli induced a larger PLRs in the low intensity range (from -4 to -1 log 
cd/mP2P; Figure 15; from rows 1 to 3); the peak amplitudes for the red and blue stimuli are nearly 
the same above the 0-log cd/mP2P level (Figure 15; row 4). However, a sustained response was 
only apparent for blue stimuli greater than -1 log cd/mP2P, even though the transient component 
(peak) of the red and blue PLR were similar (Figure 15; row 5 and 6). Normalizing the responses 
(panels b and c) does not significantly chacge the findings, except that the peak amplitude 
difference between 2-log cd/mP2P red and blue stimuli was smaller in relative units than in absolute 
or incremental units (Figure 15a-c; row 6).  
Figure 16a-c shows the RvI funcitons. The data of individual subjects are represented by the 
smaller symbols. Note that the Y-axes are reversed in all three panels, so that the scale goes from 
larger pupil sizes (smaller PLR changes) to smaller pupil sizes (larger PLR changes). The larger 





these mean values. The RvI function for the blue light changes almost linearly on the semi-log 
plot from -4 to approximately -1 log cd/m². However, it then appears to temporally saturate, 
changing slowly for lights above 0 log cd/mP2P. The thick blue line is the linear regression for the 
data between the -4 and -1 log cd/mP2 Prange; the equation is in the top left. The regression from 
the blue responses was shifted horizontally to determine the line of best fit with minimum 
residuals of red responses between the -4 and -1 log cd/mP2 Prange. The sensitivity separation 
between the blue and red RvI functions in the given range was 1.9- (absolute), 2.2- (incremental), 
and 1.94- (relative) log units respectively; all separations are reasonably close to the predicted 
separation from the psychophysics test (2.26-log units; see Figure 9). That is, if the rod receptors 
controlled the response to both the red and blue stimuli, the separation should be about 2.3-log 
units. Figure 17b-c shows that the PLRs to the weaker lights are nearly identical when the red 
stimuli are 2-log units more intense than the red stimuli. The results suggest that while the 
response to the red stimuli may have a cone contribution, the response to the blue should be 
largely, if not completely, controlled by the rods in the low intensity range. Given that there was 
no significant difference in other pupil size units, only relative unit data are shown here. 
The upper panels of Figure 18 show the RvI functions for the pupil size at 6 sec after stimulus 
offset. The data are shown in the same manner as Figure 16, except the averaged response from 
the 2.6 log stimuli are indicated with big stars. Recall that the response at 6 sec after stimulus 
offset is our measure of the sustained response. For all 3 measurement units, neither the red nor 
blue stimulus caused a significant sustained response, even though there was a slight decrease in 
the absolute pupil size (Figure 18a; upper row) in the lower intensity range (< 0 log cd/mP2P) due 
to the aforementioned baseline shifting. When the baseline effect was removed by normalization, 





intensity of the blue stimulus exceeds 0.5 log cd/mP2P, the PLR begins to show sustained responses 
with increasing amplitude. In contrast, there was no notable sustained response to the red stimuli. 
This result suggests that the pupil size at 6 sec after stimulus offset may be a good measurement 
for the sustained response driven by melanopsin. The graphs in the lower row of Figure 18 show 
the averaged PLRs to 2.6-log cd/mP2P stimuli. The stars on the waveforms correspond to the 
starred values on the RvI functions. 
There was concern that pupil constriction during the stimulus presentation may affect the shape 
of the RvI function. That is, because the stimulus duration used in this experiment was long 
enough to last during the constriction dynamic, the change of pupil size might reduce the amount 
of energy. To test this, log cd/mP2P intensity values (Figure 16c) were converted to log-Troland 
values. Figure 19a shows the same data from Figures 16c plotted against log Trolands; the x-axis 
conversion did not change the separation in the lower intensity range, or the convergence in the 
higher intensity range. The separation between the red and blue functions was 1.94-log units.  
Two other plots were made to test the robustness of our findings. First, Figure 19b shows the RvI 
functions for peak latency, the result of which shows similar trends to the peak amplitude data in 
Fig. 16c. The 50% recovery latency was also analyzed (Figure 19c; see Figure 10 for the 
parameter definition), and the result was almost identical to the RvI function of the pupil size at 6 
sec after stimulus offset (Figure 18); a hint of sustained response was observed in the > 0.5 log 
cd/mP2P range. 
Figure 20 shows the RP patient’s PLRs to the stimuli in a similar manner as those in Figure 15. 
The PLRs are shown in the three different units, and the thick dashed lines show the average 





cd/mP2P). There were only a hint of PLRs to the 1-log cd/mP2P stimuli, but the 2- and 2.6-log cd/mP2P 
stimuli evoked significant PLRs from the patient. The amplitudes of PLRs to intense red stimuli 
were still relatively smaller than the normal average responses, but the PLRs to 2-log cd/mP2P blue 
had sustained components nearly as large as those of normal subjects’ (Figure 20; row 7). For 
example, at the 2.6-log cd/mP2P level, the patient’s PLR to the blue flash was similar to the normal 
average (Figure 20; row 8). 
Figure 21 shows the LCA patient’s PLRs to the stimuli in the same manner as those in Figure 20. 
This patient’s pupil did not dilate after dark-adaptation as shown in the absolute unit plot (Figure 
21a). There were no PLRs to red stimuli throughout the entire intensity range, whereas > 1-log 
cd/mP2P blue stimuli triggered significant PLRs. However, it was noteworthy that the morphology 
of the waveforms differed from the average control response. Even though there were sustained 
responses in PLRs to the 2- and 2.6-log cd/mP2P stimuli, the peak latency of PLRs appeared much 
later than the average PLRs (Figure 21; row 7 and 8). There was no sign of an early (transient) 
component in the LCA patient’s PLRs, whereas the corresponding intense blue PLRs from a RP 
patient did not show a morphological difference from the normal average responses (Figure 20; 
row 7 and 8). It is important to mention that normalization could affect the interpretation of the 
data. The difference between the patient’s and normal average’s sustained responses was 
exaggerated when it was normalized by the baseline. Given that the patient’s pupil did not dilate, 







4. 4 Discussion 
The RvI functions of PLR peak amplitude and pupil size at 6 sec after stimulus onset are 
consistent with at least two photoreceptors, rods and melanopsin, controlling the PLR to blue 
stimuli.  
Rod control of PLRs to low intensity stimuli: If the red and blue RvI functions are parallel and 
separated by an amount equal to the relative sensitivity of the rod receptors, then there would be 
strong evidence for the existence of a single system, the rods, controlling the PLR in this 
intensity range. However, the separation of the two RvI functions from the wavelengths used in 
the current study (1.9- to 2.2-log units depending on the pupil size units) was somewhat smaller 
than the value 2.3-log units predicted by the CIE scotopic sensitivity curve (2.3-log units; CIE, 
1951) or sensitivity separation from the psychophysics test using the same display (2.26 log 
units). The smaller-than-expected separation might be due to many factors. Firstly, the display 
apparatus used in this study does not generate a single wavelength by filter. Instead, its LED 
wavelength is defined as a spectrum. Secondly, the intensity range used for the linear regression 
was not exactly within the ‘rod’ threshold range. Most of the subjects could detect the color of 
the stimuli at the -3 log cd/mP2 Pfor blue and at the -2 log cd/mP2 Pfor red meaning that the cones also 
contributed at the perceptual level. Finally, it is possible that the cones contribute some to the 
PLR to red stimuli. Even so, the response to the blue stimulus should be effectively a rod driven 
response. Consider for example if the cone PLR at the lowest intensities had a sensitivity equal 
to that of the rods. Assuming the CIE photopic and scotopic sensitivity functions, the cone PLR 
to the blue stimuli 2-log units lower in photopic intensity should be a very small fraction of this 





It is interesting to compare our results with Dacey et al.’s early report (2005). According to their 
model, the rods begin sending their input into ipRGCs at the dimmest level (about 6.5 log 
quanta/cmP2P/sec: about -5 log cd/mP2P (470 nm, 7 mm pupil)), whereas the cones input starts much 
higher (about 11 log quanta/cmP2P/sec: about -0.7 log cd/mP2P (470 nm, 7 mm pupil)) (see Figure 5a). 
Even though it was not clear how rod and cone inputs were integrated into the ipRGCs in their 
research, their intercellular recording suggested that the inputs from the cones and rods begin at 
different light intensity levels. Based upon their work, it is likely that the cones contribute to the 
mild increase in the PLR for stimuli greater than 0 log cd/mP2P.  
The pupil size at 6 sec after stimulus offset was used as a measurement for sustained pupil 
response. The sustained responses to the red and blue stimuli were drastic above 1 log cd/mP2P. It 
was difficult to estimate the sensitivity separation of melanopsin to the wavelengths used 
because there was no sign of sustained response in the more intense red stimulus used in the test. 
However, it can be assumed that the separation is larger than the difference between the 
threshold of the sustained response by the blue stimulus (~0.5 log cd/mP2P) and the maximum 
intensity of the red stimulus (2.6 log cd/mP2P):  approximately 2.1-log units.  
It is likely that this sustained response is driven by melanopsin. The waveform of the response 
resembles the data from the monkey under conditions in which the rod and cone receptors were 
blocked. Further, the intensity range of the RvI function for the sustained response (see Figure 18; 
> 1 log cd/mP2P) is also similar to the monkey data in which the melanopsin drive PLR was 
isolated, Notice in Figure 5a that the melanopsin response began at ~12-log quanta/cmP2P/sec level 
(470nm), about 0.27 log cd/mP2P with assuming 7 mm pupil. Further, the patients’ data support 





showed a significant sustained response to the blue stimuli with high intensity (> 2 log). Given 
the nature of the disease, we know that the patients’ rods and cone receptors have severely 
degenerated, and that the ipRGCs with melanopsin and their optic nerves are relatively intact. 
However, the pupil of the LCA patient did not show any PLR to the red stimulus even in the high 
intensity range, whereas the RP patient’s pupil responded. This difference in PLRs to the red 
stimuli is probably due to the residual contribution of the functioning cones known to exist in 
these patients. In other words, one may infer from this result that the RP patient in this test may 
still have functioning cones on his retina from this test. Note that the RP patient (RP3) could 
perceive hand movements whereas the LCA patient (LCA1) could only perceive light (see Table 
3).  
In sum, the PLR to the 1-sec blue stimuli are dominated by rod input at low intensities, while the 
sustained response is dominated by the melanopsin contribution in the high intensity ranges. The 
contribution of the cones to the earlier portions of the responses to the higher intensities remains 
unclear. This contribution is explored in Exp. 3. In any case, we suggest low intensity (-3 and -2 
log cd/mP2P) blue stimuli and a high intensity (2.6 log cd/mP2P) blue stimulus in the dark can be used 







5. Experiment 3: Pupil Response vs. Stimulus Intensity Functions 
with Light-adaptation 
 
5. 1 Purpopse 
Experiment 2 showed that the contribution from rods and melanopsin can be effectively 
separated by manipulating the stimulus wavelength and intensty. To isolate the cone-driven 
component from human PLRs, a wide range of intensities of red and blue stimuli was presented 
upon a rod-suppressing blue background light. Under these conditions, the PLRs to photopically 
matched stimuli should be driven by cones and/or melanopsin. Given melanopsin’s low 
sensitivity to red lights, we expect the PLR to red stimuli to be cone-driven. 
 
5. 2 Experiment Design 
Experiment 3 was designed in a similar fashion to Exp. 2, except for the use of a 0.78-log cd/m² 
blue background to suppress rod activity. This intensity was chosen to be scotopically identical 
to the white background intensity (30 cd/m²) used in the light-adapted 3.0 ERG test (cone 
response) in the ISCEV standard ERG protocol (Marmor, et al., 2009). The stimulus intensity 
range (from -1 to 2.6 log cd/mP2P) was narrower, and the ISIs (from 10 to 30 sec) shorter, than that 





unit. Table 7 shows the ISI (recovery time after stimulus presentation) for each stimulus. The 
experiment was run after a 10-min dark-adaptation and a subsequent 2-min light-adaption.  
Table 7. Experiment 3 ISIs. 
 Red Condition Blue Condition 
Intensity (log cd/mP2P) ISI (sec) 
-1 10 10 
-0.5 10 10 
0  10 10 
0.5 10 10 
1 10 10 
1.5 10 10 
2 15 30 
2.6 15 30 
 
Note: When employing a blue background light, the PLRs to the lower than -1 log were too small to measure and the subject did not perceive it. 
Also, the PLRs recovered faster than the PLRs triggered by the same intensity stimuli in the dark-adaptation condition.  
 
Three male and 2 female subjects were run on 2 separate days. The mean age of subejcts was 24 
years (ranging from 19 to 32 years).  
 
5. 3 Results 
After a 2-min period of light-adaptation, the pupils of the normal subjects were more constricted 
than those in a dark-adaptation conditon (Exp. 2); average of 3.84 ± 0.68 mm. Figure 22 shows 





intensities is narrower in this experiment (from -0.5 log, not -4 log, to 2.6 log cd/mP2P). Because a 
PLR was not measurable from -4 to -1 log cd/mP2P stimuli, the data were not recorded and thus 
omitted in the graphs. Unlike the dark-adapted data, the responses to the red stimuli were equal 
to or larger than the responses to the photopically matched blue flashes. Figure 23 shows the 
PLRs to the two photopically matched stimuli in the same manner as those in Figure 15. While it 
is not important for our purposes here, the relatively greater effectiveness of the red stimuli at the 
lowest intensities (-0.5 and 0 log cd/mP2P) was observed in all three pupil size units (Figure 23, 
row 1 and 2). Normalization amplified the difference between two PLRs, especially at the -0.5-
log cd/mP2 Plevel. The difference disappeared beyond ≥ 0.5 log cd/mP2 Pintensity levels, and the PLR 
waveforms converged. The stronger PLRs to the red stimulus in the lower intensity range may 
indicate that the dominance of the long-wave sensitive (red) cones as the blue background will 
have a smaller effect on this receptor type than it will on the middle- or short-wave sensitive 
cones. More importantly, there is no indication of a rod contribution here, although there is a 
suggestion of a small sustained melanopsin contribution to the 2.6 log cd/mP2P blue stimulus offset 
(arrow in Figure 23, row 6).   
The upper panels in Figure 24 shows the RvI functions of peak amplitudes in the similar manner 
as those in Figure 16, but for the blue background condition. Unlike in Figure 16, the two RvI 
functions for the red and blue light stimuli are very similar, except for the small difference at the 
low intensity levels (< 0.5 log cd/mP2P), as described above. The difference is more obvious in 
relative units than in absolute unit. The similar RvI functions and morphology of PLR 
waveforms for the two photopically matched stimuli argue for dominance of the cones in 





stimulus upon the blue background, especially a red flash, can be used to assess the cone 
contribution to the human PLRs.  
The lower panels in Figure 24 shows RvI functions for the pupil size at 6 sec after the stimulus 
offset is plotted, as in Figure 18. There was little evidence of sustained (melanopsin) response to 
either the red or blue stimuli. The previously observed difference in the PLRs by the red and blue 
stimuli at the 2.6-log cd/mP2P level was not distinct in the RvI function. This disagreement may be 
due to the variance of the data and the subtlety of the difference. This result suggests that the 
blue background suppressed the melanopsin activity in the most intensity range, as well as the 
rod activity. Note that there was no sign of sustained response in PLRs to the red stimulus even 
in the highest intensity level. Figure 25 shows the RP patient’s PLRs to the stimuli in the same 
manner as those in Figure 20. The patient’s pupil constricted after light-adaptation (~4 mm). 
There were no measurable PLRs in the low intensity range (<  1 log cd/mP2P). The 1-log cd/mP2P 
blue stimulus drove a small PLR, which was more obvious in the incremental and relative units. 
From 1.5- to 2.6-log cd/mP2P, both red and blue stimuli evoked significant PLRs from the patient. 
The peak amplitudes of PLRs to intense red stimuli were still relatively smaller than the average 
normal responses. However, the PLRs to the blue stimuli triggered PLRs with larger amplitudes 
and sustained components than those to the red stimuli in all three intensity levels (Figure 25, 
row 6, 7, and 8). The patient’s PLR to the blue flash was even larger than the normal average. It 
is worth mentioning that there was a morphological difference between the PLRs to the 2- and 
2.6- log cd/mP2P blue stimuli. While the RP patient’s PLR to the 2-log cd/mP2P blue stimulus did not 
show a sign of an early (transient) component (Figure 25; row 7), a sharp peak with latency close 
to the average normal PLR was observed in the patient’s PLR to the 2.6-log cd/mP2P blue stimuli; 





Figure 26 shows the LCA patient’s PLRs to the stimuli in the same manner as those in Figure 21. 
There was no sign of constriction after a light-adaptation and the baseline pupil size was similar 
to that after Exp. 2’s dark-adaptation (~5 mm; see Figure 21a). There were no PLRs to red 
stimuli throughout the entire intensity range, as was the case in Exp. 2. While only the 2.6-log 
cd/mP2P blue stimuli triggered significant PLRs, there was a small response to the 2-log cd/mP2P blue 
stimulus (Figure 26; row 7 and 8). The morphological difference observed in Exp. 2 was still 
evident; the peak latency of the PLR to the 2.6-log cd/mP2P blue stimulus seemed much later than 
the average PLR to the same stimulus (the dashed line in desaturated blue). Normalization also 
emphasized the difference between the patient’s and the average normal’s sustained responses. 
In the absolute unit, the patient’s sustained response comparable to the normal subjects’ average 
PLR (Figure 26a; row 8; marked by an arrow).  
 
5. 4 Discussion 
The photopically matched red and blue stimuli led to similar PLRs from the normal subjects 
when the rod inputs were suppressed by a blue background light. The morphological 
resemblance and the RvI functions of PLR peak amplitude support that the main contributor of 
the PLR in this condition is the cone photoreceptor. This finding suggests that a red stimulus on a 
blue background light can be used as a clinical measurement to test the sensitivity of the cones of 
patients with diseases of the retina.  
Even with the blue background light, both the RP and LCA patients showed a significant 
sustained response to the intense blue stimuli, sometimes larger than the normal average. This 





Although our light-adapting background light seemed to successfully suppress not only rod-, but 
also melanopsin-driven components in normal subjects, it does not appear to effectively suppress 
the melanopsin-driven components in patients. Nevertheless, the red stimuli in the high intensity 
range will elicit cone-driven PLRs. The LCA patient did not show any response to any red 
stimulus, and the RP patients only showed smaller than normal PLRs to the ≥ 1.5 log cd/mP2P red 
stimuli. 
To summarize, the optimal light stimulus in a clinical protocol should satisfy two requirements: 
1) The light stimulus should maximize the cone-driven response to construct reliable normal data 
for comparison; 2) it should not elicit a melanopsin component. Therefore, we suggest the use of 
a 2.6-log cd/mP2 Pred stimulus on a 0.78-log cd/m² blue background as a cone proxy in the clinical 







6. Experiment 4: Clinical Protocol with Normal Subjects 
 
6. 1 Purpose 
Based on the results from Exp. 2 and 3, three clinical conditions were designed: 1) rod condition 
(-3 and -2 log cd/mP2 Pblue stimuli in dark); 2) melanopsin condition (2.6 log cd/mP2P blue stimulus 
in dark); and 3) cone condition (2.6 log cd/mP2P red stimulus on the suppressing blue background). 
Experiment 4 was designed to test the efficiency and reliability of the proposed clinical protocol 
for normal subjects. Although each condition only requires one stimulus color, photopically 
equated stimuli were included for comparison.   
 
6. 2 Experiment Design 
After a 10-min dark-adaptation period, the rod condition was run followed by the melanopsin 
condition. The cone condition then followed after a 2-min light-adaptation period. In each 
condition, the photophically matched red and blue stimuli were presented alternately in a similar 
manner to Exp. 2 and 3, but each stimulus was repeated twice before alteration (an AABB 
paradigm). Table 8 shows the stimulus presentation order and ISIs in the 3 conditions. The total 
recording times of rod, melanopsin, and cone conditions were 100, 180, and 90 sec, respectively. 
Because the cone condition was relatively short, and the introduction of the background light 
was expected to result in more noise in the PLR than the dark-adapted conditions, the same cone 






Table 8. Experiment 4 Stimulus Presentation Order and ISIs. 
Rod Condition Melanopsin Condition Cone Condition 
Color Intensity (log 
cd/mP2P) 
ISI (sec) Color Intensity (log 
cd/mP2P) 
ISI (sec) Color Intensity (log 
cd/mP2P) 
ISI (sec) 
red -3 10 red 2.6 30 red 2.6 15 
red -3 10 red 2.6 30 red 2.6 15 
blue -3 10 blue 2.6 60 blue 2.6 30 
blue -3 10 blue 2.6 60 blue 2.6 30 
red -2 15       
red -2 15       
blue -2 15       
blue -2 15       
 
Four male and 4 female subjects were run on 2 separate days. The mean age of the subejcts was 
30.3 years (ranging from 19 to 68 years). In a one-day session, both the right and left eyes were 
tested monocularly; first, the subjects’ right eye was tested for the three conditions with left eye 
covered, and then the same procedure was later repeated for the left eye.  
 
6. 3 Results 
Figure 27 shows the PLRs for all subjects. The panels are arranged in a similar manner as those 
in Figure 21. The rod conditions are shown in the two upper rows, while the melanopsin and 
cone conditions are shown in the third and fourth rows. The thick lines are the grand-averaged 
PLRs; the thin lines are the averaged PLRs of individual subjects (average across both eyes, 





2SD) from the grand-averages. The results are very similar to the corresponding PLRs in Exp 2 
and 3 (Figure 15 and 23). Because of the variation in the subjects’ pupil sizes and baseline 
dilation levels, the SD is larger in the absolute unit (Figure 27a) than in the other units (Figure 
27b and c). 
Rod condition: The -3 and -2 log cd/mP2P blue stimuli in the dark evoked consistent and 
significant PLRs; the photopically matched red stimuli also evoked measurable PLRs, but the 
amplitudes of the responses were much smaller. The PLR to blue stimulus at this intensity level 
was effective in measuring the rod contribution in the normal subjects. 
Melanopsin condition: The 2.6 log cd/mP2P blue stimulus in the dark evoked sustained responses 
from all subjects while the 2.6 log cd/mP2P red stimulus did not. There was no overlap between the 
± 2 SD limits of the blue and red PLRs at 6 sec in the incremental and relative units (Figure 27b 
and c; thin dashed vertical bars in row 3). The sustained response of the PLR to the 2.6 log cd/mP2P 
blue stimulus seems to be a valid proxy of melanopsin function in the normal subjects. 
Cone condition: The 2.6 log cd/mP2P red and blue stimuli on a blue background evoked PLRs 
with similar peak amplitudes and latencies (transient component). The light-adapted PLRs to 
these red and blue stimuli are driven mainly by cone. However, there was a small but significant 
sustained response to the blue stimulus as observed in Exp 3.   
Figure 28 compares the PLRs of the right and left eyes (solid and dashed lines, respectively). 
Figure 29 compares the average PLRs from the 2 separate days (solid and dashed lines, 
chronologically). In general, neither the eye side nor sessions affected the PLR waveform, 





However, the order of stimulus presentation within a same run may deserve further consideration 
when interpreting the results. Figure 30 compares the average PLRs to the first (solid lines) and 
second (dashed lines) stimuli in the AABB paradigm). In the rod and cone conditions, the PLR 
waveforms did not dependent on preceeding stimuli. But when subjects were exposed to the 2.6 
log cd/mP2P blue stimulus in the melanopsin condition for the second time, the sustained part of 
PLR became noticeably smaller (Figure 28, row 3). The difference between the consecutive 
stimuli may be due to the saturation of the melanopsin photopigment. Neverthless, the sustained 
response to the second blue stimulus remained significantly larger than that to the red stimuli.  
 
6. 4 Discussion 
The proposed suggested clinical protocol successfully isolated and measured the rod, cone and 
melanopsin contribution to the PLRs in normal subjects. The reponses were consistent across the 
subjects, and normalization reduced individual variance. The reliablity of our measurements was 
also supported by comparisons across eye sides and separate daily sessions. The order of 
stimulus presentation may affect the melanopsin condition because of possible adapation, but the 
effect is not a problem for our purposes. Therefore, the grand-average across the normal data 
may provide a valid and reliable criteria template for PLRs in clinical. Also, our protocol 
consists of fairly short subtests, and the entire recording session, including the dark- and light- 
adapation periods, took less than an hour. 
An aspect deserving further discussion is the aforementioned adaptation of melanopsin. It does 
not seem that the ISI used in the protocol (60 sec) between two 2.6 log cd/mP2P blue stimuli allow 





almost recovered to the pre-blue-stimulus level (7.15 mm before first blue stimulus presentation; 
6.77 mm before second blue stimulus presentation), this did not guarentee  melanopsin recovery. 
A pilot study with 2 normal subjects suggested that at least a 6-min ISI is required to achieve the 
full recovery of sustained response after a 2.6 log cd/mP2P blue stimulus exposure in the dark (data 
not shown here). Moreover, a dark-adaptation period longer than 10 min did not increase the 
sustained response. While the ISI used in the current protocol is sufficient for clinical assessment, 






7. Experiment 5: Clinical Protocol with Patients 
 
7. 1 Retinitis Pigmentosa  
Retinitis pigmentosa (RP) refers to a diverse group of hereditary diseases that leads to incurable 
visual loss (Busskamp, et al., 2010). More than 60 gene mutations that can cause RP have been 
identified (Ferrari, et al., 2011); the mutations result in the loss of rod photoreceptor function and 
viability (Farrar, Kenna, & Humphries, 2002). The patient’s visual loss typically progresses from 
early-stage rod degeneration, to compromised cell viability, and lastly, completes blindness 
(Farrar, et al., 2002).  
More recently, several researchers have attempted retinal prosthesis with RP patients and 
reported positive results (e.g. Besch, et al., 2008; Chow, et al., 2010; Radtke, et al., 2008). In 
2006, MacLaren et al. successfully transplanted stem-cells into mouse models of RP and age-
related macular degeneration (AMD), and developed them into functional photoreceptor cells, 
(MacLaren, et al., 2006). Due to its prevalence and well-known genetic basis, RP is also 
considered as a promising disease model in which gene-based therapies offer advantages. The 
sub-retinal delivery of corrective genes with viral vectors has been proven to effectively recover 
the retinal photoreceptors and to improve visual function in mice (Busskamp, et al., 2010) and 
dogs (Beltran, et al., 2012). In sum, many different treatments of RP are currently in 
development, and protocols for screening the health of the inner retinal layers of patients will 
play an important role in the future clinical setting. Even in the case where the cone and rod 





ganglion cells and optic nerves’ functional preservation. The protocol proposed here may 
provide the useful information for this purpose.    
Five patients with severe RP were tested using the proposed clinical protocols. All patients were 
over 34 years old, and had light perception or better vision. Their ERGs were non-recordable. 
See Table 3 for a summary. An optical coherence tomography (OCT) image of the macular from 
an RP patient (RP5) is presented in the row 2 in Figure 31. Compared to a normal subject (Figure 
31; row 1; 22 year-old male), the patient’s outer retinal photoreceptor layer is degenerated. (See 
the red arrow in Figure  31; row 2). 
Figure 32, 33 and 34 show the RP patients’ PLRs in the absolute, incremental, and relative pupil 
size units respectively. Each column represents the results from one patient (RP1~5). The rod 
conditions are shown in the row 1 and 2 (a/b-1~5), and the melanopsin and cone conditions are 
shown in the row 3 (c-1~5) and row 4 (d-1~5), respectively. The solid lines show each patient’s 
PLRs to red and blue stimuli, and the dashed lines show the average of normal subjects.  
Most patients’ pupils dilated to some extent after a dark-adaption period (~ 3.5 – 5 mm), but not 
as much as the normal subjects’ average pupil size (~ 7 mm) (Figure 31). Interestingly, 
Berezovsky et al. (2001) reported that the pupils of RP patients dilated as much as normal 
subjects. This discrepancy may be due to a longer dark-adaptation duration (40 min) used in their 
study.  
The low intensity stimuli of the rod condition did not evoke measurable PLRs from the RP 
patients (Figure 32a, b). Only one patient showed a measurable response to the stronger blue 
stimuli (RP4; Figure 32b-4; -2 log cd/mP2P blue stimulus). Note that RP4 was the youngest patient 





In contrast, all the patients showed observable sustained responses to the intense blue stimulus of 
the melanopsin condition (Figure 32c). When the PLRs were normalized in the relative unit, the 
sustained responses were emphasized, and the similarity between the sustained responses in the 
normal subjects and RP patients is more obvious (Figure 34c). However, the normalization in the 
incremental unit, which only removed the baseline effect by translating the waveforms vertically, 
did not improve the discrepancy between normal subjects and patients (Figure 33c). This result 
means that the RP patients’ sustained responses were proportional to the baseline even when the 
dilation was incomplete compared with normal subjects, but that the absolute change of the 
patients’ pupils was much smaller than that of the normal subjects. One noteworthy point here is 
that the pupils of most patients’ did not only have a smaller baseline than normal subjects, but 
also reached the smaller miosis when the stimuli were presented (~ 2 mm; Figure 32 c). This 
may mean that the kinetic limitation of the pupil contributes to the RP patients’ smaller 
amplitude of sustained response. All RP patients also showed responses to the photopically 
matched intense red stimulus, but no sustained responses were observed. 
For the cone condition (Figure 32-34d), all RP patients showed PLRs to red stimuli, indicating 
some reserved cone function, although these responses, in general, were smaller than for those of 
the normal subjects. The red stimulus used here was probably too intense to evaluate the full 
extent of the loss of cone function. As seen in Exp. 3, the blue stimuli induced a sustained 
response from all the RP patients, but not from the normal subjects. In other words, the blue 
background did not seem to suppress the melanopsin driven responses from RP patients. Because 
the baseline difference between patients and normal subjects were smaller in the cone condition 
(blue background reduced the baseline in normal subjects), the normalization did not affect the 





In sum, in the RP patients, the protocol successfully indicated the lack of rod function, on one 
hand, and the preserved melanopsin-containing ipRGC function, on the other. The significant 
response in the cone condition implies that there is residual cone function in these RP patients. 
When the reduced vision of the patients is considered, the cone response in the relative unit 
seems larger than expected. If the goal is to provide an accurate indication of cone loss, then the 
test stimulus in the cone condition (2.6 log cd/mP2P red) should be attenuated so that we do not 
saturate the response in controls. 
  
7. 2 Leber Congenital Amaurosis 
Leber congenital amaurosis (LCA) is a severe retinal disease characterized by conspicuous visual 
impairment from early infancy onwards (Fulton, Hansen, & Mayer, 1996). More than 10 gene 
mutations that cause the disease have been identified (Aleman, et al., 2004; Stone, 2007), and 
most genes exhibit autosomal recessive inheritance (den Hollander, et al., 2007). The patients 
with LCA show nystagmus (Stone, 2007), sluggish pupillary response (Pennesi, Stover, Stone, 
Chiang, & Weleber, 2011), and an extinguished ERG response before the age of 1 year (Foxman, 
Heckenlively, Bateman, & Wirtschafter, 1985). LCA shares many characteristics with RP as a 
retinal degeneration disease, and is sometimes called “juvenile retinitis pigmentosa” (Foxman, et 
al., 1985) or “early childhood onset retinitis pigmentosa” (Walia, et al., 2010). However, the 
genetic mutations of two diseases are shared but not identical. Most of LCA causing genes are 
autosomal-recessive whereas RP can be inherited as an autosomal-recessive, autosomal-
dominant, or X-linked trait (Dryja, 1992; Hartong, Berson, & Dryja, 2006). Some patients do not 





RP has a later age of onset, better preservation of central visual acuity, and no nystagmus 
(Weleber, Francis, & Trzupek, 2004), which is typically presented within the first year of life in 
LCA patients (Foxman, et al., 1985; Pennesi, et al., 2011).  
Because of a pigmentary retinopathy reminiscent of RP, the abovementioned retinal prosthesis or 
stem-cell transplant treatment for RP patients could be applied to LCA in a similar way. 
However, the most recent approach on LCA treatment focuses on the gene therapy for a certain 
reason. Unlike other retinal degeneration diseases accompanying absence of photoreceptors, the 
relatively intact cells in RPE65 LCA (type 2) patients can be a good vector target of gene therapy. 
Therefore, three research groups tested the efficacy of gene therapy in human PRE65 LCA and 
demonstrated its success (Bainbridge, et al., 2008; Maguire, et al., 2008; Simonelli, et al., 2010). 
However, the objective assessment of visual function across broad age groups from infants to 
adults with LCA is not easy, due to the large operating range necessary to quantify the extremely 
severe abnormalities (Aleman, et al., 2004). The utility of a test using PLR may be important for 
this purpose. In the similar rationale, it can be expected that LCA patients’ cone and rod PLR 
responses are absent or reduced, whereas their melanopsin responses may be relatively reserved. 
Three patients with LCA were tested using the proposed clinical protocol. All patients could only 
perceive light, but failed to detect hand movement. LCA2 and LCA3 were siblings. There was no 
difference in severity of visual loss between two eyes, and the right eye was chosen for the test. 
See Table 3 for a summary. An OCT image of macular from an LCA patient (LCA1) is 
presented in the row 3 in Figure 31. Comparing to the image from a normal subject (Figure 31; 
row 1), the degenerating of outer retinal layer and absence of foveola are noticeable (See the red 





Figure 35, 36, and 37 show the LCA patients’ PLRs in the same manner as Figure 32, 33, and 34. 
In the absolute unit, LCA1 did not show any apparent pupillary change to any of the adaptation 
conditions, whereas LCA2 and LCA3 showed dilation after the 10-min dark-adaptation (> 6 mm) 
and constriction after the 2-min light-adaptation (< 5 mm) (Figure 35). All three patients did not 
show any PLR to low intensity stimuli in the dark (rod condition; Figure 35a/b). LCA2 and 
LCA3’s responses to melanopsin and cone conditions were similar to the results from the RP 
patients. There were considerable PLRs both to intense red and blue stimuli, but sustained 
responses were only triggered by the blue stimuli. Also, the blue background did not effectively 
suppress the sustained responses from these two LCA patients or from the RP patients (Figure 
35c/d-2~3).  
The results from LCA1 were markedly different from the other two LCA patients. LCA1 showed 
significant PLR to intense blue stimuli, while the photopically matched red stimuli did not evoke 
a measurable PLR (Figure 35c/d-1).  Moreover, there was a qualitative difference in PLR from 
normal subjects or other patients’ responses. The onsets of constriction (1267 ms in melanopsin 
condition; 1150 ms in cone condition) were much slower than the average response of controls 
(383 ms in melanopsin condition). LCA2 or LCA3 did not show this delay in their PLR onset 
latencies. LCA1’s PLRs to intense blue stimuli were similar in shape to melanopsin and cone 
conditions, but the peak latency was considerably slower in cone condition (2500 vs. 3118 ms) 
(Figure 35c/d-1).  
Unlike the results from the RP patients, the normalization accentuated the difference between 
normal subjects and LCA patients. Despite the baseline difference, the melanopsin responses to 
blue stimuli were fairly close to that of normal subjects in absolute unit (Figure 35c). However, 





melanopsin responses became larger (Figure 36 and 37c). In the cone condition, LCA1 and 
LCA2’s sustained responses than normal subjects were less obvious in the absolute unit (Figure 
35d). This seems to be because the patients’ pupils constricted less than those of the normal 
subjects after a light-adaptation period, and thus normalization emphasized the enhanced 
sustained responses in patients (Figure 36, 37d).    
In sum, the results from 2 of the 3 LCA patients were very similar to those of the RP patients. 
There was no indication of rod function, but melanopsin responses were robust. These 2 patients 
also showed sizable responses to the cone condition. However, the other patient, LCA1, did not 
show any response either to the rod or cone condition. Her pupil only responded to intense blue 
stimulus regardless of the presence of blue background light. This result suggests that LCA1’s 
outer retina degeneration may be more severe than LCA2 and LCA3’s, but the ganglion cell 
function may still be preserved. When considering the morphology of PLR waveforms, this 
patient’s response does not resemble those of the other LCA or RP patients; the onset is very 
slow and the transient peak component is nonexistent. The PLRs from all 3 LCA patients are 
overlapped in Figure 38. The resemblance between PLRs from LCA2 and LCA3 (thin lines), and 
the dissimilarity between LCA1 and other 2 are evident (thick lines vs. thin lines). Also, the blue 
background light has less of an effect on the PLR in LCA1 than in LCA2 or LCA3 (solid lines vs. 
dashed lines). These results do not agree with one previous study that tested the PLR of LCA 
patients with a similar protocol. In 2004, Aleman et al. reported that after a 40-min dark-
adaptation period, the patients’ pupils dilated (5.6 mm) slightly less than normal subjects’ (6.2 
mm), but that there was no sustained response in the LCA patients (Aleman, et al., 2004). This 
disagreement may be due to of the fact that their stimuli (-6.6 to 2.3-log scotopic cd/mP2P green 






7. 3 Achromatopsia 
Achromatopsia (ACHM) refers to an autosomal recessive congenital cone disorder, characterized 
by low visual acuity (0.10–0.20 decimal Snellen equivalent), photophobia, nystagmus, and 
severe color vision defects (Thiadens, et al., 2009). The defect can be complete or incomplete, 
and the incomplete forms of ACHM are characterized by a residual ability to discriminate color 
(Trankner, et al., 2004).  
Invasive interventions like prosthesis transplant are not considered as a treatment for ACHM 
because of its lesser severity than previously tested retinal diseases. However, several studies 
related to color blindness have paved a pre-clinical path toward promising treatments in ACHM, 
and most of the approaches are primarily concerned with gene therapy. For example, Jacobs et al. 
(2007) successfully introduced a human L-cone photopigment in mice and Mancuso et al. (2009) 
reported that they had converted dichromat squirrel monkeys into trichromats by delivering a 
human L-opsin gene into the monkey’s retina. There has been no clinical trial of human patients 
with ACHM so far, but it can be expected that gene therapy will be used to improve the 
condition of ACHM patients in the near future. A non-invasive and accessible clinical 
assessment like PLR should benefit these clinical trials. Moreover, the unique condition of 
ACHM patients can provide a good way to test the validity of our clinical protocol. It is 
reasonable to expect that the patients’ rod and melanopsin responses will be relatively intact, 
while cone responses will be absent or significantly decreased.      
 Two patients with ACHM were tested using the proposed clinical protocols. The genetic 





cone ERG was flat. There was no difference in severity of visual loss between 2 eyes, and the 
right eye was chosen for the test. See Table 3 for summary. An OCT image of macular and optic 
disc from an ACHM patient (ACHM1) is presented in the row 4 in Figure 31. Compared to the 
image from a normal subject (Figure 31; row 1), the degeneration of the outer retinal layer is 
evident, although not as severe as other examples from the patients with RP (row 2) or LCA 
patient (row 3). The optic disc image and its comparison map show that the patient’s optic nerves 
are relatively intact (See the yellow arrow in Figure  31; row 4).     
Figure 39, 40 and 41 show the ACHM patients’ PLRs in the same manner as Figure 32, 33 and 
34. Both ACHM1 and 2 showed dilation after 10-min dark-adaptation (~ 5 mm) and constriction 
after light-adaptation (~ 3 mm) (Figure 39). In the rod condition, the pupils of ACHM1 and 2 
responded to the stimuli. Normalization decreased the difference between the normal subjects 
and the ACHM patients; in the relative unit, the patients’ PLRs almost overlapped with those of 
the normal subjects (Figure 40 and 41a/b). The ACHM patients’ photophobia made the recording 
in the melanopsin condition difficult; ACHM2 could not keep his eye open when the intense blue 
stimulus was presented. ACHM1 squinted during the intense blue stimulus presentation in the 
melanopsin condition, but the rest of the PLR shows the sign of sustained responses (Figure 39-
41c-1). The intense red stimulus in the melanopsin condition also elicited a large PLR in both of 
the patients.  
In the cone condition, ACHM1 showed small PLRs to both red and blue stimuli. ACH2 also 
produced a similarly sized PLR to the red stimulus, but had difficulty in keeping his eyes open 





normal subjects in the relative unit (Figure 41d), and smaller still in the other units (Figure 39 
and 40d). There was no sign of enhanced sustained responses in cone condition.  
In sum, the ACHM patients’ rod function is comparable to that in normal subjects. The sustained 
response was observed in one patient, but the photophobia in ACHM makes it difficult to 
measure melanopsin function. There was a small but measurable PLR in the cone condition. It is 
well-known that most achromats are incomplete, that is, they have some residual cone function. 
It is difficult to decide whether the patient has a complete or incomplete case of ACHM solely 
based on the current test, but our result suggests that they may have retained cone function for 
the blue background used is supposed to effectively suppress rod functions in the patients. Given 
that ACHM2’s cone ERG did not show detectable signals, the PLR test may be a more sensitive 







8. General Discussion 
This study had two related goals: first, to determine the conditions under which the rod, cone, 
and melanopsin contributions to the human PLRs to brief stimuli can be isolated and, second to 
determine the optimal conditions for assessing the health of the rod, cone, and melanopsin 
pathways with a brief clinical protocol. 
 
8. 1 Conditions Favoring Rod, Cone and Melanopsin Contributions to the PLR  
Based on the results from Exp. 1, a 1-sec test light is the optimal stimulus duration for assessing 
the sustained melanopsin contribution to pupil contraction following light offset. Since Dacey at 
el. (2005) reported the slow and sustained depolarization of ipRGCs in response to long-duration 
light stimuli, most human PLR studies concerning melanopsin focused on stimuli with relatively 
long duration (> 10 sec) (Gamlin, et al., 2007; Kardon, et al., 2009; Kawasaki, Herbst, Sander, & 
Milea, 2010; McDougal & Gamlin, 2009). However, the results of Exp.1 suggest that the 1-sec 
short-wavelength stimulus is optimal in maximizing the melanopsin-mediated sustained response 
after light offset. A light stimulus of a shorter duration (1 sec) also has the advantage of 
decreasing the time needed between stimulus presentations for the pupil to return to baseline. In 
addition, it decreases the subject’s discomfort to the bright blue stimulus in the dark. Given that 
the melanopsin-driven ipRGCs sum light over long periods of time, it is not clear why a 1-sec 
stimulus is optimal. The kinetics of pupil contraction may be one of the reasons for the 
interaction; because the maximum pupillary contraction (peak) reaches usually between 500 ms 





entire duration. Therefore, a slow escape may result only when the off-signal of the stimulus is 
encoded during the initial contraction, not after the reaches the minimum miosis by the stimulus.     
Based on the results from Exp. 2, we concluded that the dark-adapted PLRs to the low intensity 
blue stimuli were largely, if not entirely, controlled by the rod system. First, the dark-adapted red 
and blue RvI functions were parallel and separated by a ~ 2-log units (1.9, 2.2, or 1.94-log units 
when analyzed in the absolute, incremental, relative units respectively), close to the estimated 
relative scotopic sensitivity of ~ 2.3-log units, based upon the CIE curves and LED spectral 
distributions, and confirmed by our psychophysically measured dark-adapted thresholds (2.26-
log units). Although the PLR to the red stimulus used in the current study probably has a small 
cone contribution, the responses to blue stimulus should be mainly rod driven. Nevertheless, for 
our purposes here we need only conclude that the rods dominate the responses to the low 
intensity blue stimuli. The clinical data from Exp. 5 support this conclusion. The patients with 
rod-degenerating diseases like RP or LCA did not show any PLR in rod condition, whereas the 
patients with ACHM produced considerable PLRs in the same condition. On the other hand, we 
do not know how the rod and cone signals combine at higher intensities. Above 1 log cd/mP2 Pin 
the dark, the photopically matched red and blue stimuli produced about the same peak amplitude. 
However, this cannot be simply interpreted as the domination of the cone contribution because 
the PLR response is near saturation and both rods and cones are probably contributing.  
Only high-intensity blue stimuli (> 1 log cd/mP2P) in the dark were able to produce sustained pupil 
responses that have been shown by others to be melanopsin-driven [(e.g. Dacey, et al., 2005; 
Young & Kimura, 2008)]. Given the spectral absorption curve for melanopsin, the red stimulus 





response. Thus, the PLR to the 2.6-log cd/mP2P red stimulus used in the current study is essentially 
free of a melanopsin contribution and we can take the difference between the responses to the 
2.6-log cd/mP2P red and blue stimuli as the melanopsin contribution (dashed vertical line in Figure 
12; row 2). The relatively large melanopsin response in the patients with reduced rod and cone 
responses support this approach (Figure 20 and 21). Patient LCA1 represents an extreme here. 
This patient had no sign of a cone or rod contribution to the PLR, but had a large melanopsin 
driven PLR (Figure 21; row 7 and 8). This melanopsin PLR had a delayed onset, consistent with 
previous work (Dacey, et al., 2005). 
To isolate a cone-driven PLR to the 1-sec red stimuli, a 0.78-log-cd/mP2P blue background was 
introduced. This background not only suppressed the rod contribution, but also appeared to 
suppress most of the melanopsin contribution. The peak amplitudes of PLRs to two photopically 
matched red and blue stimuli were nearly identical in the most intensity range and no 
considerable sustained response was observed. Therefore, the PLRs to red stimuli on the blue 
background appear to be cone driven.  
 
8. 2 Efficacy of Clinical Protocol 
Based on the results from Exp. 1, 2 and 3 we developed a clinical protocol. Below we evaluate 
this protocol and suggest some changes based upon the results of Exp. 4 and 5. 
1) Rod condition: Two pairs of photopically matched red and blue stimuli in the low 
intensity range (-3 and -2 log cd/mP2P) were presented in the dark. To assess rod sensitivity, 





although they take relatively little time to present. In an evaluation of the protocol, 4 of 
the 5 RP and all 3 LCA patients showed no response to either of the blue stimulus 
intensities suggesting that their rod input to the ipRGC was reduced by over 3-log units. 
(The dark-adapted threshold for the PLR to blue stimuli is well below -5 log cd/m2) 
(Figure 16). The ACHM patients’ rod responses were comparable to normal average 
(Figure 40), suggesting preservation of the rods. 
2) Melanopsin condition: The photopically matched intense red and blue stimuli (2.6 log 
cd/mP2P) were presented in the dark. With these PLRs, the melanopsin contribution can be 
estimated from the difference between the responses to the red and blue stimuli. The 
responses to the intense blue stimuli on the blue background also provide an interesting 
assay for both a melanopsin and receptor contributions.  
3) Cone condition: The photopically matched red and blue 2.6 log cd/mP2P stimuli were 
presented on top of the blue background. To assess cone sensitivity, only the response to 
the red stimulus is needed; however, the 2.6-log cd/mP2P stimulus is too intense to get a 
good estimate of the loss of cone sensitivity, due to the compressive nonlinear RvI 
relationship of the pupil response. We suggest that if it is important to obtain an estimate 
of loss of sensitivity of the cone input to the ipRGC, then a lower intensity red flash 
should be added to the protocol. Figure 45 shows the pilot data from 2 ACHM patients. 
The solid and dashed lines represent the patients’ PLRs to 1-log stimuli and to 2.6-log 
stimuli on the blue background, respectively. There was a no response to the 1-log red 
stimulus, suggesting that the patients’ cone function was degraded by the disease and the 






8. 3 Melanopsin Adaptation 
In the early studies, researchers reported that the response of the ipRGC was not only maintained 
during the presentation of a long, bright step of light, but also lasted after the light was turned off. 
This sustained activation, with little to no adaptation to the prolonged intense light, was thought 
to be an important nature of the ipRGC (Berson, et al., 2002; Dacey, et al., 2005). However, 
subsequent studies provided evidence of possible adaptation in ipRGC. For example, when a 
series of stimuli was presented with increasing intensities, the peak latency of ipRGC voltage 
response became shorter (Do, et al., 2009). Also, the response amplitude of ipRGC gradually 
attenuated to repeated flashes (Wong, Dunn, & Berson, 2005). The current study, moreover, 
suggested that there was a noticeable change in the melanopsin component in the PLRs to two 
consecutive 2.6-log cd/mP2 Pblue flashes (Exp. 4; Figure 30).  
The light-adapted PLRs (Exp. 3) raise a question: did the blue background used in the current 
study saturate the response of the melanopsin pigment preventing it from responding to the 
superimposed stimulus? Or was the sensitivity of melanopsin changed by the light adaptation? 
The bleaching of the melanopsin photopigment can be ruled out because the ipRGC respond with 
sustained firing during steady stimulation. Berson et al. (2002) reported continuous firing of the 
cell over 20 min of light exposure. McDougal et al. (2010) also suggested that melanopsin is the 
dominant contributor to the PLR to a 100-sec stimulus. Note that our light-adaptation lasted for 2 
min.  
Wong et al. (2005) claimed that there is evidence that ipRGCs still respond to the superimposed 
flash after being exposed to a green or white background light for 5 min, and that the sensitivity 





melanopsin is more sensitive to the blue background used in this study, we may have reduced the 
melanopsin sensitivity by a larger amount. 
The excitatory and inhibitory inputs from cones and rods should also be considered. Since Dacey 
et al’s early study (Dacey, et al., 2005), it has been believed that rods, L- and M-cones provide 
excitatory inputs to the ipRGCs, while S-cones provide inhibitory inputs (Benarroch, 2011). 
Thus, an explanation for the absent sustained response may be that the blue background light 
stimulated S-cone and consequentially suppressed the melanopsin in ipRGCs. However, a couple 
of recent studies provide contrary evidence. Schmidt and Kofuji (2011) showed that 360-nm 
light was as effective as 500-nm light in triggering ipRGC responses, and Allen et al. (2011) 
suggested that inputs through S-cone pathway also activate pretectal olivary nucleus, which is a 
target of ipRGCs and the origin of the PLR pathway. The ACHM patient data in the current 
study also provides evidence against an S-cone inhibitory input. Unlike the RP or LCA patients, 
neither of the ACHM patients showed enhanced sustained response to the 2.6-log cd/mP2P blue 
stimulus on the background. One intriguing proceeding report (Rupp, Altmus, & Hattar, 2011) 
may be worth mentioning here. They measured the body temperature change triggered by 
melanopsin with various types of knock-out mice and found that the cone-mediated melanopsin 
inhibition was observed only in the absence of rod input. Even though there is a far gap between 
their animal model and our clinical data, these findings suggest a possible explanation for our 
findings. While RP and LCA are supposed to affect both cone and rod severely, the ACHM 
patients’ rods are expected to be fairly intact. Moreover, the PLRs from the RP and LCA patients 
tested in our cone condition suggest that their residual cones may function to some extent. In 





ipRGC: not only the inputs from a certain cone type, but also presence of rods may play a role in 
the melanopsin inhibitory circuit.  
 
8. 4 Caveats and Future Challenges 
There is considerable individual variation in pupil sizes even among the normal controls. The 
normalization procedure was effective in reducing this variation in the control group. However, 
most of the patients with severe visual defects had smaller pupils in the dark. It is not known 
whether this is secondary to a sustained, melanopsin activation, which is more apparent in eyes 
with photoreceptor loss. In RP and ACHM patients, the differences between the patients’ and 
normal subjects’ PLRs were reduced when the PLRs were converted into the relative unit (ratio 
between the pupil response and baseline) (e.g. Figure 32 vs. 34). However, when the patients’ 
pupils were dilated to the normal subjects’ average (~ 7 mm), employment of relative unit did 
not improve the comparison, and sometimes worsened it. (LCA2 and LCA3 in Figure 35c vs. 
37c). Normalization by the vertical shifting (incremental unit) did not seem beneficial to any 
patient’s case. This result suggests that the pupils of a patient with retinal disease produced a 
compressed response according to the baseline before stimulus onset. Therefore, in general, 
normalization by relative unit helps when comparing the patients with normal subjects, but the 
baseline (dilation or constriction) level and the PLR in the absolute unit should still be taken into 
consideration when interpreting the results of a patient. More work is needed to better understand 
how the baseline level affects the human PLR in particular and to determine the optimal 





Finally the results from the current study may provide an empirical foundation in developing a 
computational PLR model based on the photoreceptor inputs. Several PLR models have been 
suggested but none can account for the PLR over a range of stimulus conditions (Fan & Yao, 
2010). Also, several models use physiological kinetics as components (e.g. Fan & Yao, 2010; 
Pamplona, Oliveira, & Baranoski, 2009; Usui & Hirata, 1995) without defining the individual 
rod, cone, or melanopsin contributions. As Hattar et al. (2003) claimed for mice, most if not all 
major accessory visual functions in human may be accounted for by rod, cone, and melanopsin 
systems. In this sense, our PLR data for the various clinical conditions should be useful in testing 
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Figure 1. (a) Morphology of melanopsin-containing ipRGCs in a mouse retina. [Adapted from 
Provencio et al. (2002).] (b) The ipRGCs in human and (c) macaque retina [Modified from 
Dacey et. al. (2005).] (d) Patch-clamp electrophysiological recording from an ipRGC in the rat. 
Even after the synaptic transmissions from photoreceptors from the outer retina were 
pharmacologically blocked, the cell still depolarized to light and drove action potentials. 
[Adapted from Berson et al. (2002).] (e) Phylogenetic tree of melanopsin against representatives 
of other opsin groups. [Modified from Provencio et al. (1998).] 
Figure 2. Morphological diversity and distribution of ipRGCs in macaque. (a) Distribution of 
ipRGCs (dots) in retina. Superior (S), nasal (N), temporal (T), and inferior (I) directions are 
indicated. Small open circle is the fovea (b) Higher power views of ipRGCs ~1-1.5 mm from 
fovea (left). Tracing of two giant cells (right). Circles (far right) indicate size of foveal parasol 
and midget cells. (c)  Higher power views of ipRGCs in peripheral retina (left). Tracing of one 
giant cell is presented on the right side. Parasol and midget cells are also shown for comparison. 
[Modified from Dacey et al. (2005).]   
Figure 3. Morphological diversity of ipRGC subtypes in mouse. (a)-(c) Whole-mount retinas of 
ipRGCs filled with biocytin/neurobiotin (green) and immunostained choline acetyltransferase 
(red) to visualize cholinergic amacrine cells. Choline acetyltransferase-positive cell bodies are in 
the GCL and INL, whereas their projections form 2 bands visible in the rotated images that run 
along the ON and OFF sublamina of the IPL (bottom and left panels). [Modified from Schmidt et 
al. (2008).] (d) Schematic diagram of connectivity, location, and projection of the 5 ipRGC 





geniculate nucleus, SC: superior colliculus, OPN: olivary pretectal nucleus  [Modified from 
Schmidt et al.(Schmidt, et al., 2011).]  
Figure. 4. Spike histogram of a primate ipRGCs response to a long-wavelength and a short-
wavelength light stimulus. Top: Pure cone-mediated responses to a 610-nm light pulse at both 
low (left; 12 log quanta cmP-2P sP-1P) and high (right; 15.2 log quanta cmP-2P sP-1P) photopic levels. The 
cone-mediated response is transient at low light intensity (left) and, even at the higher photopic 
level, declines (adapts) during 10 seconds of continuous light (right). Bottom: Summed cone and 
intrinsic response to a 470 nm pulse at low (left; 11 log quanta cmP-2P sP-1P) and high (right; 14.6 log 
quanta cmP-2P sP-1P) photopic levels. When a short-wavelength light is used, the depolarizing 
intrinsic response is added to the cone response, making the response at low intensity more 
sustained (left). At the higher light intensity, the intrinsic response maintains a steady discharge 
that persists even after termination of the light stimulus (right). [Original data from Dacey, Liao 
et al. (2005). Modified and reprinted in Kawasaki and Kardon, (2007).] 
Figure 5. Visual sensitivity range for the giant cell. (a) Response of a giant cell to a 
monochromatic light step (470 nm) as a function of retinal illuminance for 3 stimulus conditions: 
dark-adapted (grey circles), 10-s pulse after 20-min dark adaptation; light-adapted (black circles), 
60-s pulse immediately after several min at high photopic levels (> 14 quanta cmP-2P sP-1P); isolated 
intrinsic (open circles), 60-s pulse after light adaptation in the presence of bath-perfused l-AP4 
and CNQX (blocker of cone and rod input). Boxed area below plot shows melanopsin-associated 
(melanopsin). rod and cone response ranges in scotopic, mesopic, and photopic ranges of human 
vision and pupil diameter (Hood 1986). (b-d) show the intracelluarly recorded light responses 





quanta cmP-2P sP-1P; latency to first spike, 147 ms. (c) Mainly cone-mediated (light-adapted) response 
at 13.5 log quanta cmP-2P sP-1P; latency, 36 ms. Prolonged spiking due to inherent photoresponse is 
seen at the end of the 60 s stimulus pulse. (d) Inherent (isolated intrinsic) response at 13.5 log 
quanta cmP-2P sP-1 Pafter block of  rod and cone input; latency, 903 ms. (e) Summed cone and 
intrinsic response to 470-nm pulse at low (left; 11 log quanta cmP-2P sP-1 P) and high (right; 14.6 log 
quanta cmP-2P sP-1 P) photopic levels. [Modified from Dacey et al. (2005)] 
Figure 6. Example of a pupillographic recording to a 5-sec bright white light in a healthy human 
subject. Two components form the response waveform. At light onset, the transient phase is 
characterized by a short-latency, high-velocity change in pupil size. After offset, the pupil partly 
re-dilates, or escapes, to a state of partial pupil constriction that represents the sustained phase of 
the pupil light reflex. [Modified from Kawasaki and Kardon (2007)] 
Figure 7. Pupillary and ganglion cell responses in macaques. (a) Averaged pupillary responses (n 
= 5) showing sustained pupilloconstriction to a 10-s pulse of light (493 nm, 13.3 log quanta cmP-
2
P sP-1P). At light OFF, there is a transient pupil dilation followed by a sustained pupilloconstriction. 
The transient pupil dilation is not always evident, since it depends on prior stimulus conditions 
and the magnitude of the sustained, post-stimulus pupil constriction. (b) In vitro, intracellular 
recording from an intrinsically-photoreceptive retinal ganglion cell. A 10-s pulse of light (470 
nm, 13.5 log quanta cmP-2P sP-1P) was presented. (c) Retinal irradiance-pupillary response plots for 
532 nm irradiance for the control condition (black circles) and during pharmacological blockade 
(empty sqaures) (SEM error bars included). Compare the response function with figure 5a. (d) 
Spectral sensitivity data. The data in the normal condition (black triangles) are not as well fit (RP2P 





obtained during pharmacological blockade (black circles) fitted (RP2P = 0.99) by a vitamin A1 
pigment nomogram with peak sensitivity at 482 nm. [Modified from Gamlin et al. (2007)] 
Figure 8. Examples of pupil tracing to 3 stepwise increases in stimulus intensity using a red light 
(600-620 nm bandwidth; red line) and a blue light (465-485 nm bandwidth; blue line) in a 
healthy control (a) and a patient with severe unilateral retinitis pigmentosa (b and c). (a) The 
transient and sustained components of waveforms are indicated by arrows. (b) Unaffected eye 
and (c) affected eye of RP patients. [(a) from Kardon et al. (2009), (b) and (c) from Kawasaki 
and Kardon (2007)] 
Figure 9. The sensitivity thresholds of two wavelengths (blue: 467nm; red: 640nm). The 
thresholds were measured by a forced-choice psychophysics test with the Ganzfeld apparatus. 
Each subject ran the tests 3 times, and the median of 3 thresholds are marked as a small symbol. 
Two median thresholds for red and blue from the same subject are connected by a thin gray line. 
The median thresholds of all 10 subjects are marked as big black circles and they were connected 
by a thick black line. The difference between two grand median thresholds was 2.26 log units.     
Figure 10. Definition of PLR parameters. The pupil size change before, during, and after 
stimulus presentation (violet color bar; 1 sec) was continuously recorded with a 60-Hz sampling 
rate. The thick black line shows the raw PLR. The spike at 8.4 sec in the data is an eye blink. A 
median filter with 500-ms time window was applied to remove the eye blink contamination (red 
trace). The horizontal blue line represents the baseline. See the text for the definition of the 
parameters 
Figure 11. Average PLRs from 4 subjects. (a) PLR in absolute size (mm), (b) in incremental size 





shows the PLRs to the blue. The PLRs to 8 stimulus durations are coded by difference colors 
(legend in (b) low). The pupil sizes at 6 sec after stimulus off are indicated by dots on PLRs 
waveforms.  
Figure 12. The pupil size at 6 sec after stimulus off. (a) PLR in absolute size (mm), (b) in 
incremental size (mm), (c) in relative size. The upper row shows the average pupil size after 6 
sec after stimulus off as a function of stimulus durations with ±1 SE bars. The pupil sizes after 1-
sec and 10-sec stimulus are marked by large symbols (1-sec: circle; 10-sec: stars). The  lower 
row shows the PLRs to 1-sec stimuli (vivid red and blue) and the PLRs to 10-sec stimuli (dim 
red and blue). The pupil sizes at 6 sec after stimulus off are indicated by their respective symbols. 
The dashed line illustrates the difference between the pupil sizes after the red and blue stimuli.    
Figure 13. Averaged PLRs as a function of time. The graphs are aligned in the same manner as 
Figure 11. The graphs showed the PLRs time-locked at the stimulus offset point. 
Figure 14. Average PLRs from 7 individuals to stimuli of different intensities in the dark. The 
PLRs are shown in (a) absolute pupil size (mm); (b) incremental pupil size; (c) relative pupil size. 
Upper row: PLRs to red stimuli at 14 intensity levels; lower row: same as (a) for blue stimuli. 
The black bars on the X-axis show the 1-sec stimulus presentation. 
Figure 15. Pairs of average PLRs to photopically matched red and blue stimuli in the dark. The 
data are shown as in Figure 14 except that 6 rows represent 6 intensity levels of stimuli. 
Figure 16. Pupil peak amplitude vs. stimulus intensity (RvI) functions are shown for 7 
individuals (small symbols) and for mean values (large symbols connected by the thin lines). The 





the red thick line is this same line horizontally shifted for best fit to the red data.  The regression 
equation of blue is in the top left. (a) Absolute pupil size (mm); (b) incremental pupil size; (c) 
relative pupil size. Note that y-axes are reversed so that larger responses are at the top. 
Figure 17. (a) The RvI function from Figure 16c.  The insets show the PLRs to photopically 
matched red and blue stimuli at the intensity levels indicated. The dashed lines in (a) indicate the 
pairs of stimuli used in the lower panels with the corresponding panel indicated in the boxes. (b) 
– (e).  
Figure 18. The pupil amplitude at 6 second after stimulus offset in the dark as a function of time. 
The panels in upper row are presented as in Figure 16. The panels in lower row show the average 
PLRs to the photopically matched 2.6-log cd/mP2P red and blue stimuli. The dashed line marks 6 
sec after stimulus offset. The stars symbols represent the sustained responses and the 
corresponding values are marked in the same symbols in the upper row.  
Figure 19. The relative pupil amplitude versus flash intensity in log Trolands (a) and peak 
latency (b) and 50% recovery latency (c) as a function of intensity in cd/mP2P. The data are shown 
in the similar manner as Figure 16. 
Figure 20. Pairs of PLRs to photopically matched red and blue stimuli from a RP patient in the 
dark. The data are shown as in Figure 15. The dashed lines represent the corresponding average 
PLR of normal subjects.  
 Figure 21. Pairs of PLRs to photopically matched red and blue stimuli from a LCA patient in the 





Figure 22. Average PLRs from 5 individuals to stimuli of different intensities on a blue 
background. The data are shown as in Figure 14. 
Figure 23. Pairs of average PLRs to photopically matched red and blue stimuli on a blue 
background. The data are shown as in Figure 15. 
Figure 24. The RvI functions of peak amplitude (upper row) and sustained response (lower row). 
The data are shown as in Figure 16. 
Figure 25. Pairs of PLRs to photopically matched red and blue stimuli from a RP patient on a 
blue background. The data are shown as in Figure 20.  
 Figure 26. Pairs of PLRs to photopically matched red and blue stimuli from a LCA patient on a 
blue background. The data are shown as in Figure 21.  
Figure 27. The PLRs of 8 normal subjects to the clinical protocol. Row 1 and 2 show the rod 
condition (-3 and -2 log cd/mP2 Pstimuli in the dark), row 3 the melanopsin condition (2.6 log 
cd/mP2 Pstimuli in the dark), and row 4 the cone condition (2.6 log cd/mP2 Pstimuli on a blue 
background). The thick lines represent the average PLR from all subjects; the thin lines represent 
the individual response (average of both eyes and 2 separate daily sessions). The 2 standard 
deviations of all-subject average PLR are marked as thick dashed lines. The dashed vertical line 
in row 3 indicates 6 sec after stimulus offset. (a) absolute pupil size (mm); (b) incremental pupil 
size (mm); (c) relative pupil size. 
Figure 28. A comparison of PLRs from the right and left eyes. The data are shown as in Figure 
27 except that the thick solid lines and dashed lines represent the all-subject average PLR from 





Figure 29. A comparison of PLRs from 2 separate daily sessions. The panels are arranged as in 
Figure 28. The thick solid lines and dashed lines represent the all-subject average PLR from the 
first and second day session respectively.  
Figure 30. A comparison of PLRs from 2 separate daily sessions. The panels are arranged as in 
Figure 28. The thick solid lines and dashed lines represent the all-subject average PLR from the 
first stimulus and second stimulus in one session respectively.  
Figure 31. OCT images from a normal subject (row 1) and patients (row 2-5). The panels are 
arranged as in Figure 28. Horizontal cross section (B-scan) of the macular region (a) and circular 
section of optic disc (b) were obtained from frequency-domain optical coherence tomography 
(fdOCT). (c) The retinal nerve fiber layer (RNFL) thickness profile of optic disc scan.  Row 1 
shows the scans from a 22 year old male subject. Row 2-5 show the scans from RP, LCA, and 
ACHM respectively. Optic disc scan were not obtained from the RP and LCA patients. The inset 
in the middle right side shows the zoom-up images from normal subject. The image in the red 
box shows the total receptor layer (REC+): inner and out segment of receptor layer and pigment 
epithelium; the image in the yellow boxes shows the RNFL. INL: inner nuclear layer; OPL: outer 
plexiform layer. In (c); N: nasal; S: superior; T: temporal; I: inferior. The variance of RNFL 
thickness of normal subjects is color-coded (green: 95%; yellow: 5%; red: 1%). The 
corresponding spots for each patient are marked with red and yellow arrows. 
Figure 32. PLRs to the clinical protocol from 5 RP patients in the absolute unit (mm). The data 
are shown as in Figure 30. Individual patient’s responses are shown in each column. The solid 
lines represent the patients’ PLRs in corresponding stimulus colors. The dashed lines represent 





Figure 33. PLRs to the clinical protocol from 5 RP patients in the incremental unit (mm). The 
data are shown as in Figure 32. 
Figure 34. PLRs to the clinical protocol from 5 RP patients in the relative unit. The data are 
shown as in Figure 32. 
Figure 35. PLRs to the clinical protocol from 3 LCA patients in the absolute unit (mm). The data 
are shown as in Figure 32. 
Figure 36. PLRs to the clinical protocol from 3 LCA patients in the incremental unit (mm). The 
data are shown as in Figure 32. 
Figure 37. PLRs to the clinical protocol from 3 LCA patients in the relative unit. The data are 
shown as in Figure 32. 
Figure 38. Comparions of PLRs from 3 LCA patients. The PLRs to the melanopsin condition 
stimuli are shown in the upper row. The PLRs to the cone condition stimuli are shown in the 
lower row. The thick lines represent the LCA1’s PLR to the corresponding stimulus colors. The 
thin lines represent the LCA2 and LAC3’s PLRs. (a) Absolute pupil size (mm); (b) incremental 
pupil size (mm); (c) relative pupil size. 
Figure 39. PLRs to the clinical protocol from 2 ACHM patients in the absolute unit (mm). The 
data are shown as in Figure 32. 
Figure 40. PLRs to the clinical protocol from 2 ACHM patients in the incremental unit (mm). 





Figure 41. PLRs to the clinical protocol from 2 ACHM patients in the relative unit. The data are 
shown in the same manner as Figure 32. 
Figure 42. ACHM patients’ PLRs to the 1- and 2.6-log cd/mP2P stimuli. Solid lines: PLRs to the 1-
log stimuli in the corresponding colors; dashed lines: PLRs to the 2.6-log stimuli. upper row: 
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